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Abstract: The astrocyte population, around 50% of human brain cells, plays a crucial role in maintain-
ing the overall health and functionality of the central nervous system (CNS). Astrocytes are vital in
orchestrating neuronal development by releasing synaptogenic molecules and eliminating excessive
synapses. They also modulate neuronal excitability and contribute to CNS homeostasis, promoting
neuronal survival by clearance of neurotransmitters, transporting metabolites, and secreting trophic
factors. Astrocytes are highly heterogeneous and respond to CNS injuries and diseases through a
process known as reactive astrogliosis, which can contribute to both inflammation and its resolu-
tion. Recent evidence has revealed remarkable alterations in astrocyte transcriptomes in response
to several diseases, identifying at least two distinct phenotypes called Al or neurotoxic and A2 or
neuroprotective astrocytes. However, due to the vast heterogeneity of these cells, it is limited to
classify them into only two phenotypes. This review explores the various physiological and patho-
physiological roles, potential markers, and pathways that might be activated in different astrocytic
phenotypes. Furthermore, we discuss the astrocyte heterogeneity in the main neurodegenerative
diseases and identify potential therapeutic strategies. Understanding the underlying mechanisms in
the differentiation and imbalance of the astrocytic population will allow the identification of specific
biomarkers and timely therapeutic approaches in various neurodegenerative diseases.

Keywords: neurotoxic and neuroprotective astrocytes; Alzheimer’s disease; Parkinson’s disease;
Huntington’s disease; multiple sclerosis

1. Introduction

The brain, the most intricate vertebrate organ, comprises a complex array of cell types
that collaborate harmoniously to regulate every aspect of its biology. These cell types have
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evolved to perform distinct but interconnected physiological actions to attain the correct
brain functioning [1].

Glial cells are the dominant cell type in the central nervous system (CNS) and play a
crucial role in enabling the brain to function as both an organ and a computational structure.
These cells constitute around 60% of the brain mass and are classified as microglia and
macroglia [1]. Microglia comprise approximately 10% of CNS glial cells and participate
in brain development, maintenance of neuronal networks, and the professional immune
response of the CNS [2]. In the latter function, microglia act as vigilant cells of the extracel-
lular environment that rapidly respond to minor changes or noxious insults to neighboring
neural cells or non-CNS immune cells, recruiting astrocytes and other cells to control the
damage [3]. Within the CNS, macroglia can be subdivided into oligodendrocytes and
astrocytes. Astrocytes represent at least 50% of human brain cells and perform a great
variety of activities. They have long been considered the structural support of neurons and
the blood-brain barrier (BBB). They also actively participate in neuronal excitability and
neurotransmission, maintaining ion balance, buffering neurotransmitters, and regulating
brain metabolism. Recently, astrocytes have been found to be involved in neuroplasticity,
facilitating synaptogenesis and secreting neuroactive substances, and in the professional
immune response of the CNS [4]. Additionally, astroglial cells have important roles in the
glymphatic system, a network of specialized perivascular channels that efficiently remove
soluble proteins, metabolites, and waste from the CNS [5].

In the early 1900s, Ramon y Cajal meticulously documented the morphological differ-
ences of human astrocytes, hinting at the existence of multiple subtypes of astrocytes [6].
Since then, increasing numbers of works have tried to correlate the numerous physiologic
roles of astrocytes with different phenotypes. This correlation is evident in the role of astro-
cytes in neuroinflammation. In this context, attempts have been made to classify astrocytes
as neurotoxic or neuroprotective according to respective phenotypes that comprise various
molecular changes in response to different situations.

In 2012, Zamanian et al. [7] identified two distinct phenotypes or states of reactive
astrocytes through transcriptome analysis in brain ischemia and neuroinflammation models.
They associated one phenotype with detrimental effects and the other with protective
effects. The specific astrocytic phenotype depended on the induced injury, with a significant
difference of at least 50% in gene expression. In 2017, Liddelow et al. [8] demonstrated
that lipopolysaccharide (LPS)-activated microglia induce a neurotoxic astrocyte phenotype
since then referred to as “A1” through the secretion of three cytokines: interleukin-1 alpha
(IL-1ex), tumor necrosis factor-alpha (TNF«), and complement component subunit 1q (C1q).
Recently, it has been shown that activated endothelial cells (LPS-treated) can also induce
astrocytic reactivity similar to that of the “A1” phenotype, but with different molecular
marks than that induced by microglia and maintaining their phagocytic capacity, releasing
cytokines with a profile different from that of microglia [9]. The relevance of Al reactive
astrocytes in neurodegenerative diseases relies on the findings that dysfunctional astrocytes
can cause neuronal death and contribute to neural disturbances [4].

Conversely, the “A2” astrocytic phenotype promotes neuroprotection. In response to
CNS injury or neuroinflammation, A2 astrocytes release anti-inflammatory molecules, such
as cytokines, chemokines, and neurotrophic factors [10]. Considerable progress has been
made in differentiating between those phenotypes or states of astrocytes based on their
morphology, proliferation profile, molecular expression, functions, and interactions with
other cells [11]. On this basis, a consensus has been reached that reactive astrocytes can
assume multiple states depending on the context of their appearance, with only a fraction
of common changes between different states and without polarizing into simple binary
phenotypes [12]. Hence, the research on reactive astrocytes should include analyses of
multiple molecular and morphofunctional parameters.

Therefore, this review delves into astrocyte diversity, analyzing molecular, cellular,
and physiological characteristics. Since the extensive scientific evidence, this review also
deals with the studies on Al and A2 astrocytes in neurodegenerative diseases. Finally,
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this review also analyzes possible therapeutic strategies that modulate astrocytic reactivity
in these neurological disorders, considering that no drugs are currently used in clinical
practice to target specific astrocyte phenotypes.

2. Intracellular Signaling Pathways Regulating Astrocytic Phenotypes

This review proposes that activating intracellular signaling pathways triggers astro-
cyte reactivity in neurological diseases, whereby astrocytes adopt distinct structural and
functional states [13,14]. However, the exact mechanisms behind this process are still
unclear. Understanding these mechanisms is crucial for developing effective treatments for
neurodegenerative diseases. In this context, this review discusses the intracellular signaling
pathways well identified so far in astrocytic polarization. These pathways are Toll-like
receptors (TLRs), nuclear factor kappa-B (NF-«kB), Ras homolog family member A/Rho
kinase (RhoA/ROCK), Janus kinase/signal transducer and activator of transcription 3
(JAK/STAT3) pathway, and phosphoinositide 3-kinase (PI3K)/AKT pathway [4].

2.1. Signaling Pathways in Astrocytes Associated with Neurotoxic Mediators

Astrocytes respond differentially to CNS stimuli that activate different receptors
and the respective signaling intracellular pathways, whose outcome can be a harmful or
protective effect.

TLR activation is known to lead to the conversion of active astrocytes into reactive
astrocytes in neurodegenerative diseases. Thus, TLR4 stimulation in astrocytes favors
the appearance of the Al phenotype [8,15]. This receptor is also expressed in the cell
membranes of microglia in the CNS, whose activation causes microglial activation and
the consequent secretion of IL-1x, TNF«, and C1q, which are required for Al astrocyte
differentiation (Figure 1) [8].

Several studies have analyzed the role of TLRs in modulating astrocyte function
in vitro using pathogen-derived components, endogenous TLR activators, synthetic ago-
nists, and antagonists as ligands. The common outcome is that the expression or release
profile of cytokines and chemokines depends on the engaged TLR and the ligand type for
the TLR [16-18].

The transcription factor NF-xB pathway, where several intracellular signaling path-
ways converge, including TLR activation, has been extensively studied to discriminate the
role of astrocytes in neuroinflammation and immune response. Inactive NF-«B is found
in the cytoplasm, bound to the protein inhibitor NF-kB alpha (IkBx). Once activated,
NF-«B translocates into the cell nucleus to activate the expression of genes coding for pro-
inflammatory cytokines, thus intensifying and amplifying the inflammatory response [19].
Some studies propose that the NF-«B signaling pathway preferentially mediates the mod-
ulation of astrocyte population in neurological diseases. Such a proposal emerges from
findings in astrocytes that neurons and reactive microglia release factors that activate the
IkB kinase complex (IKK), resulting in IkB& phosphorylation and degradation. Subse-
quently, p50 and p65, two NF-«B subunits, translocate to the nucleus and activate the
transcription of genes related to neuroinflammation in astrocytes (Figure 1) [20,21]. In a
mouse model of depression induced by mild chronic stress, it was found that the NF-«B
pathway in microglia activates the Nod-like receptor protein 3 (NLRP3) inflammasome,
which finally leads to caspase-1 activation. Then, active caspase-1 triggers the release of
TNFa, IL-1¢, and Cl1gq, eliciting the reactivity of neurotoxic Al astrocytes [22]. Likewise,
the activation of NLRP3 and induction of Al astrocytes was also demonstrated in primary
cultures of murine astrocytes stimulated with lipopolysaccharide (LPS) [23]. NLRP3 can
also be activated by P2X purinoceptor 7 (P2X7R) stimulation, which is expressed in mi-
croglia and astrocytes [24]. P2X7R stimulation is known to induce the release of bioactive
molecules, including pro-inflammatory cytokines, chemokines, proteases, reactive oxygen
species (ROS), nitrogen molecules, and excitotoxic glutamate, all capable of causing neu-
rodegeneration [24]. P2X7R is also involved in the ATP-induced membrane pores that allow
an excessive influx of Ca?* and depletion of intracellular ions and metabolites, ultimately
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leading to the lysis of antigen-presenting cells as microglia (Figure 1). This mechanism has
given rise to the hypothesis that P2X7R is a “death/suicide” receptor [25,26].
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Figure 1. Key pathways of astrocytes in neurodegeneration and potential treatments. Active astrocyte
refers to physiological roles. Abbreviations: «-Syn: alpha-synuclein; AB: amyloid beta; AKT:
serine/threonine-protein kinases; AP-1: activator protein-1; BSYS: Bu Shen Yi Sui capsule; C/EBPB:
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CCAAT enhancer binding protein beta; CEBPD: CCAAT enhancer binding protein delta; C1q: comple-
ment component subunit 1q; CREB: cAMP response element-binding protein; c-Rel: proto-oncogene
c-Rel; CXCR7: chemokine receptor 7; DI: dimethyl itaconate; DMF: dimethyl fumarate; Erk 1/2:
extracellular signal-regulated kinases 1/2; GAP: GTPase-activating protein; GEF: guanine nucleotide
exchange factor; GLP-1RA: glucagon-like peptide-1 receptor agonists; FGF2: fibroblast growth fac-
tor 2; IkB: inhibitor of NF-«kB; IKK (&, 3, v): inhibitor of nuclear factor-xB (IkB) kinase «, 3, vy;
IL-1x: Interleukin-1 alpha; IL-1f3: interleukin-1 beta; IL-18: interleukin-18; IL-33: interleukin-33;
IL-17AR: interleukin-17A receptor; JAK2/STAT3: Janus kinase 2/signal transducer and activator
of transcription 3; JNK: jun n-terminal kinase; MAPK: mitogen-activated protein kinase; MFG-ES8:
milk fat globule epidermal growth factor 8; mHtt: mutant huntingtin; MSC: mesenchymal stem
cell; MSC-exo: mesenchymal stem cell exosomes; mTORC1: mTOR complex 1; MYD88: myeloid
differentiation primary response protein 88; NF-kB: nuclear factor kappa-B; NLRP3: nod-like recep-
tor protein 3; PI3K: phosphoinositide 3-kinase; PIP2: phosphatidylinositol 4,5-bisphosphate; PIP3:
phosphatidylinositol 3,4,5-trisphosphate; P2X7R: P2X7 receptor; p38: p38 protein; p50: p50 protein;
p65: p65 protein; RhoA: Ras homolog family member A; ROCK: Rho kinase; SOCS1: suppressor
of cytokine signaling 1; TGF-p: transforming growth factor beta; TLR4: Toll-like receptor 4; TNFa:
tumor necrosis factor-alpha; TRAF6: tumor necrosis factor receptor-associated factor 6. The red boxes
indicate the possible therapeutic targets that modulate the reactivity of A1 and A2 astrocytes. Created
with BioRender.com.

Another signaling pathway whose activation has been implicated in the pathological
role of astrocytes is the RhoA /ROCK pathway (Figure 1) [27-29]. RhoA and its downstream
effector ROCK are ubiquitously expressed in the CNS, including astrocytes and neurons [27].
The RhoA /ROCK signaling pathway may induce microglia and astrocyte activation and
increase the expression of nitric oxide synthase and TNFe, which cause neurodegeneration.
In addition, recovery from neurodegeneration is blocked because ROCK inhibits cell
survival and axon growth [29].

Astrocytes, like other neuronal cells, also express the interleukin-17A receptor (IL-
17AR), which is a heterodimeric complex (Figure 1) [30,31]. It has been suggested that
IL-17AR can enhance glutamate excitotoxicity by reducing the ability of astrocytes to absorb
and metabolize glutamate [32]. Moreover, IL-17AR expression is increased in astrocytes in
the CNS of mice with experimental autoimmune encephalomyelitis, thus reinforcing the
role of this receptor in neurodegeneration [30].

In summary, some essential signaling pathways activated by different insults have
been identified that can mediate the astrocyte compromise for a harmful reactive state
during brain injuries. However, a more profound understanding of the mechanisms deter-
mining the phenotype of reactive astrocytes in neuroinflammation, and neurodegeneration
is needed to develop effective treatments against these pathologies.

2.2. Signaling Pathways of Astrocytes Associated with Neurotrophic Mediators

Recently, research has focused on discovering strategies that activate signaling path-
ways to induce homeostatic astrocytes and neurotoxic astrocytes toward neuroprotective
astrocytes, aiming to implement new treatments against neurodegeneration. However, the
mechanism by which they are generated needs to be better understood. Despite this limita-
tion, signaling pathways that could promote the transition to neuroprotective astrocytes
have been proposed.

The JAK/STAT3 signaling pathway activated by receptors to cytokine, growth factors,
or hormones is thought to be linked to the induction of neuroprotective reactive astrocytes
(Figure 1) [33]. Upon activation of the JAK/STAT3 pathway, JAK phosphorylates tyrosine
residue (Tyr705) in the C-terminal domain of STAT3, thus causing STAT3 dimerization and
translocation to the nucleus to initiate the transcription of target genes [33,34]. In astrocytes,
STAT3 activation can be triggered by IL-6 receptor activation, often induced by the release
of IL-6 mediated by NF-«B [35]. Consequently, IL-6, via STAT3 phosphorylation, modulates
the production of IL-10 [36], an anti-inflammatory cytokine known to promote neuronal
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survival [37]. This pathway has also been associated with the infiltration of leukocytes,
maintenance of myelin, generation of anti-inflammatory cytokines, and other physiological
processes such as cell growth, survival, or differentiation [34]. Moreover, it has been
proposed that the JAK/STAT3 pathway promotes neurogenesis and neuronal protection in
the CNS [38,39]. In a murine model of ischemic brain injury with genetic estradiol depletion,
researchers observed that the JAK/STAT3 signaling pathway is downregulated. This
downregulation was associated with attenuated reactive astrogliosis, lower transcription
of the “A2” panel of reactive astrocyte genes in the hippocampus, microglial activation,
enhanced neuronal damage, and cognitive deficits. These effects were reversed after the
signaling pathway was recovered through exogenous estradiol administration [40].

The PI3K/AKT pathway (Figure 1) has also been related to the neuroprotective role
of astrocytes [41]. This pathway is activated when a ligand, which may be a growth
factor or hormone, binds to a tyrosine kinase receptor located on the plasma membrane.
Upon ligand-receptor binding, phosphorylation is produced on tyrosine residues in the
intracellular domain of the receptor, causing its dimerization. Subsequently, the regulatory
subunit p85 of PI3K binds to the phosphorylated tyrosine residues of the receptor to
recruit the catalytic subunit p100, forming the active PI3K enzyme. PI3K phosphorylates
phosphoinositides, producing three lipid products bound to the cell membrane: PIP, PIP2,
and PIP3. Among these lipid products, PIP3 binds to the Pleckstrin homology domain
of the serine/threonine protein kinase AKT, leading to its translocation to the membrane
and complete activation. Through activating mTORC1, active AKT triggers downstream
responses in the cell, such as cell growth, proliferation, and survival [42].

Some studies suggest that the activation of the PI3K/AKT pathway promotes as-
trocytic reactivity towards a neuroprotective phenotype while excluding the neurotoxic
phenotype [41,43]. This pathway can be activated by transforming growth factor beta
(TGE-p) [44] released by M2 macrophages [41,45] and neuroprotective astrocytes. It is even
thought that TGF-{3 secreted by A2 astrocytes is essential in neuroprotection since it could
act on other immune cells as macrophages or infiltrating T lymphocytes (Figure 1) [46,47].
In 2023, in co-cultures of M2 macrophages with spinal cord astrocytes, Pang et al. demon-
strated that M2 macrophages stimulate astrocytes to secrete IL-10, IL-13, and TGF-f3, as well
as facilitate SI00A10 marker expression in astrocytes. The authors also showed that antago-
nists of the TGF-3 receptor and inhibitors of PI3K reverse the secretion of anti-inflammatory
cytokines and TGF-f3 [41]. In a murine brain injury model, Divolis et al. (2019) showed that
TGF-f administration increased glial fibrillary acidic protein (GFAP) and S100A10 mRNA
levels in astrocytes and decreased C3 mRNA [48]. These results suggest that TGE-3 may
activate signaling pathways, such as PI3K/AKT, which would trigger reactive astrocytes to
transform into neuroprotective astrocytes.

Furthermore, the PI3K/AKT pathway can also be activated by milk fat globule epi-
dermal growth factor 8 (MFG-ES8) (Figure 1). Xu et al. (2018) induced the activation of Al
astrocytes in vitro by adding a conditioned medium of microglia activated by -amyloid
(AB42). They found that MFG-E8 inhibited the expression of the Al astrocyte marker C3 in
response to the conditioned medium while increasing the expression of TGF-f3, a marker
of neuroprotective astrocytes. In contrast, TGF-f3 expression in A2 astrocytes decreased
in the presence of a PI3K inhibitor. Therefore, the authors concluded that MFG-E8 plays
a regulatory role in A1 and A2 astrocytic states through the positive regulation of the
PIBK-AKT pathway [46]. It has also been reported that fibroblast growth factor 2 (FGF2)
can activate the PI3K/AKT pathway (Figure 1). Feng et al. (2023) evaluated the effect
of administering 2,3,5,6-tetramethylpyrazine (TMP), an active component of Ligusticum
chuanxiong Hort, on astrocytic reactivity through a model of permanent occlusion of the
middle cerebral artery. The aim was to improve neurovascular restoration in subacute
ischemic stroke. The authors determined that TMP decreased the number of C3-positive
Al astrocytes and, conversely, increased the number of SI00A10-positive A2 astrocytes
and FGF2-positive astrocytes. TMP also enhanced the levels of PI3K p85/p55 and AKT
and upregulated the expression of FGF2. Therefore, it was concluded that TMP caused the
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release of FGF2, which activated the PI3K/AKT pathway, thereby converting A1 astrocytes
into A2 astrocytes in ischemic rats [49].

Finally, Li et al. (2020) developed a model of chronic post-surgical pain causing the
activation of microglia at an early stage and, 14 days later, activating astrocytes, mainly
A1l astrocytes [43]. The authors observed that intrathecal injection of minocycline (a non-
specific microglial inhibitor) alleviated mechanical allodynia and reverted the A1/A2
astrocyte ratio. It also increased the expression of chemokine receptor 7 (CXCR7) and
the activation of the PI3K/AKT pathway (Figure 1). Similar results were obtained after
intrathecal injection with AMD3100 (a CXCR?7 agonist). However, administering LY294002
(a specific PI3K inhibitor) inhibited the transformation of Al astrocytes into A2 astrocytes
induced by minocycline and AMD3100. Therefore, Li et al. concluded that microglia
negatively regulate the CXCR7/PI3K/AKT pathway and cause Al astrocyte reactivity.
They also determined that positive regulation of this pathway promotes A2 astrocytes [43].

These findings have important implications for understanding astroglial responses in
neurodegenerative conditions and developing therapeutic strategies to modulate astrocyte
reactivity and promote neuroprotective responses. However, further research is needed
to fully elucidate the mechanisms that regulate astroglial responses and how these may
influence the progression of neurodegenerative diseases. A complete understanding of
signaling pathways will provide tools for developing efficient astrocyte-targeting therapies
to improve the quality of life of patients suffering from neurodegenerative diseases.

3. Structural and Molecular Markers of Reactive Astrocytes

Astrocytes have historically been considered a homogeneous cell population despite
their structural and functional complexity [50]. However, recent studies have shown that
several structural changes, physiological properties, and responses to harmful insults
depend on the brain region [11]. Since the beginning of the last century, at least two
populations of astrocytes have been classified as protoplasmic and fibrous based on their
shape [50].

For a long time, research on astrocytes has relied upon immunostaining techniques
that target unspecific structural markers, such as the GFAP, vimentin, or the 5100 calcium-
binding protein (3 (51003). However, these techniques have certain limitations: (1) whole
cell morphology is not revealed, and it cannot fully distinguish between individual
cells [51,52]; (2) GFAP, vimentin, and S100f are universal markers for astrocyte reactivity [7],
which would not allow identifying the structural differences between populations.

The shape of astrocytes depends on their localization in the brain parenchyma and
their response to a pathological condition. Reactive protoplasmic astrocytes in the gray
matter possess hypertrophic ramifications that increase in quantity and length in a patho-
logical state [32]. In contrast, fibrous astrocytes in the white matter show bimodal reactivity,
initially acquiring an amoeboid shape by retracting their prolongations that later return
to the shape of the non-reactive state [53]. Furthermore, structural changes in astrocytic
have been observed during the neurodegeneration process, such as in Alzheimer’s disease
(AD). For example, hypotrophic astrocytes are observed in the early stages of AD, whereas
hypertrophic astrocytes appear later [51]. The mechanisms involved in these structural dif-
ferences are not fully elucidated [54,55]. It has been suggested that cell-adhesion molecules
of the neuroligin family, such as NL1-3, influence astrocyte morphogenesis through interac-
tions with other neural cell-adhesion molecules known as neurexins [56]. It would mean
that astroglial morphogenesis depends on direct contact with neuronal processes or the
modulation of transcription factors, like NF-kB and Notch pathway, by inflammatory and
anti-inflammatory stimuli [57].

Differences in astrocyte transcriptome in response to injury have been useful in identi-
fying cellular markers that allowed classifying astrocytes as Al and A2 based on Liddelow’s
work [8]. However, most markers of reactive astrogliosis, such as GFAP, are not specific to
a particular phenotype because they are overexpressed in all reactive astrocytes. Ideally,
two specific markers should be quantitatively analyzed together [58]. An example is the
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combination of complement C3 [14] and guanine nucleotide-binding protein 2 (GBP2) [59],
which have been widely used as specific reactivity markers for Al astrocytes, as they
are overexpressed in nervous system lesions that involve the release of pro-inflammatory
cytokines and are not expressed in injuries associated with the release of neurotrophic
factors. However, exceptions to this combination have been reported. In human samples
of sporadic Creutzfeldt-Jakob disease, a prion disease previously known as transmissi-
ble spongiform encephalopathy, reactivity to GBP2 but not to C3 has been found, thus
indicating that GBP2 is a better marker for A1 astrocytes at least for this disease [59].

On the other hand, the calcium-binding protein A10 (S100A10) [14] and pentraxin
3 [59] have been widely used as A2-specific reactivity markers. In addition, it should be
considered that there is also variability in the molecular expression of the same astrocytic
phenotype in different neurological diseases [58]. The variation in astrocyte markers rein-
forces the idea that astrocytes should be described based on their structural, transcriptomics,
proteomics, morphology, and functional features [12].

Some articles have reported structural differences between phenotypes of reactive
astrocytes. Indeed, it has been described in the rat hippocampus that astrocytes of the
Al phenotype (GFAP+ and C3+ astrocytes) display longer dendrites after infrasound
exposure [60]. In contrast, astrocytes of the A2 phenotype (GFAP+ and S100A10+ astrocytes)
show hypertrophic cell bodies with fewer dendrites [60]. Another study in a rat model of
ischemic heart failure found that A1 phenotype astrocytes (increased C3 and Serpingl and
decreased transcription of Tm4sfl and Sphk1) in the central amygdala and hypothalamus
paraventricular nucleus exhibit a decrease in surface area, cell volume, filament length, and
process complexity and increased soma volume in a pro-inflammatory context (increased
TNFuw, IL-18, and IL-6 transcription) compared to non-reactive astrocytes (double positive
for GFAP and glutamine synthetase) [61]. In contrast, another study in a traumatic brain
injury rat model found that cortex-neurotoxic astrocytes (GFAP+ and C3+ astrocytes) show
highly complex arborization characterized by numerous branches and branching points, as
well as increased process length and complexity, compared to negative C3 astrocytes [62].
These conflicting findings highlight that it is unclear whether these structural changes
translate different glial functions or how they reflect the pro-/anti-inflammatory state due
to their dependence on the brain region, the noxious stimulus, and the type of disease.
Therefore, further experiments are needed to accurately assess the structure of astrocytic
states in different diseases, brain regions, and temporal patterns. These studies should also
be conducted with functional assays to correlate the structural changes with functions of
astrocyte phenotype.

The mechanisms by which astrocytes exert their neuroprotective or neurotoxic effects
are not fully understood yet. Various molecules listed in Table 1 have been identified as
possible mediators based on their autocrine/paracrine secretion and modulation of pro-
and anti-inflammatory pathways, cytokine secretion, and cell recruitment, depending on
the stimulus (Figure 1).

The astrocytes are crucial in the pathogenesis of neurodegenerative diseases, given that
they participate in neuronal physiology, neurotransmission, and inflammatory responses.
From the pathological point of view, Table 1 summarizes several astrocytic mediators that
are highly expressed in neuroanatomic regions affected by common neurodegenerative
diseases, such as the hippocampal formation in AD, the midbrain in Parkinson’s disease
(PD), the basal ganglia in Huntington’s disease (HD), and the spinal cord in amyotrophic
lateral sclerosis [63]. Interestingly, around 75% of the identified molecules are highly
expressed in the cerebral cortex, which is frequently affected in the early or late stages
of various neurodegenerative diseases [64,65], as well as in different neurological disor-
ders elicited by psychiatric, ischemic, metabolic, infectious, and traumatic insults [66-70].
Promising therapeutic approaches targeting intracellular signaling pathways to increase
the neuroprotective response or decrease the neurotoxic effect of reactive astrocytes are
also analyzed.
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Table 1. Neurotoxic and neurotrophic mediators associated with astrocytes.
. Brain Physiological . Model/Astrocyte
Mediator Expression * Roles ** Neuropathological Roles Description *** Refs.
Neurotoxic mediators
Essential for Failure in phagocytosis,
TH, 25; HY, 20.9; NRG1-ERBB glutamate uptake, Eji‘;‘éiggéﬂ‘e‘;%g
, 20.8; 5C, 20.5; signalin neuronal maturation, . ,
CD49f MO, 20.8; SC, 20.5 ignaling 1 i astrocytes (Al-like [71,72]
CTX, 20.3. (glutamatergic myelination, and <y
L. T reactive state; C3+).
circuit). neurotransmission.
Regulates the expression .
HY, 320; o .. TNF-induced
crx sy I beadhy | GINE T s e b
SERPINA3 MO, 196.3; P . phag g. co-culture model [73-75]
(cathepsin and and BBB dysfunction, as .
MB, 183.1; h ) 1l as the f i P (inflammatory
TH, 176.3. chymases). we p?‘f)teii ;ggiel;m 0 reactive state).
Involved in Implllcat.ec.l in excitatory
inflammation and and inhibitory synapse
CTX, 135.3; infection. ribosome elimination. Causes
WM, 131.6; bio enes/is rotein activation of Reactive astrocytes
Clq MO, 126.7; gs nthégs pro-inflammatory (GFAP+) in the P301S Tau [76,77]
P, 110.3; , Y lation ! ¢ microglia. Prevents transgenic mouse model.
MB, 110.1. cguiation o differentiation and
apoptosis, and . P
transcription. maturation o
oligodendrocytes.
Participates in the Modulates mlcrpgllal
MO, 143.3; activation of the phagocytosis.
WM, 121.9; complement Dysregulation of TNFa-induced knock-out
C3 P, 116.4; S ps tem intraneuronal Ca%* IxBa transgenic mice [78,79]
TH, 103.4; Chem}(;a ttralctan t homeostasis and astroglia (GFAP+).
MB, 99.2. . excitotoxicity. Disrupts
for neutrophils. L.
dendritic morphology.
Stimulates the Induces proliferation of Non-obese diabetic mice
CrO IR0, gmwinand | Megimdneond ol orseondey
GM-CSF  AMY,0.1;MO,0.1; differentiation of ysTuneron. prog nuitp [80-82]
- Promotes the migration of sclerosis)
WM, 0.1. hematopoietic . . .
recursor cells inflammatory cells across ~ pro-inflammatory active
b ’ the BBB. astrocytes (GFAP+).
Chemotaxis Non-obese diabetic mice
differentiation, and ~ Encourages immune cell (r?gdfelsfs?fresi;?ﬁt(iiag
P, 10.8;, MO, 7 .4; activation of infiltration and prog sclerosis) p
CXCL10 SC, 3.4, TH, 2.6; peripheral immune  contributes to establishing ro-inflammatory active [80,83,84]
CTX, 2.6. cells, regulation of ~ a pro-inflammatory CNS P astrocytes ( GFZP+)
cell growth, and environment. . y .
JRN Pro-mflammatory reactive
pop ' astrocytes.
Controls the recruitment
of perivascular leukocytes .
Chemotactic into the CNS and shifts to Eﬁgaﬂ?yszsgglaltggrd
TH, 43.4; MO, response and an inflammatory (GFAP+) y
CCL2 32.7; CTX, 26.8; mobilization of phenotype. Potentiates the TNFa-stimulate d. rimar [80,85-87]
WM, 25.3; P, 21.9. intracellular activation of astrocytes p y

calcium ions. and microglia,
demyelination, and

axonal loss.

mouse astrocytes
(GFAP+).
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. Brain Physiological . Model/Astrocyte
Mediator Expression * Roles ** Neuropathological Roles Description *** Refs.
Neurotoxic mediators
WM, 79.8; .In\./olvele n Recruits NF-«f activator 1 Angiostrongylus cantonensis
antimicrobial host and subsequent .
BG, 79.7; SC, 79.6; . mouse active Al
1L-17 defense and pro-inflammatory [80,88,89]
MO, 79.1; maintenance of cytokine production astrocytes (GFAP+,
AMY, 71.9. namtenance Y Procuction. S100p+, C3+)
tissue integrity. Induces demyelination.
EAE mouse spinal cord
Regulation of astrocytes (QFAP+) anq
HYP, 230; . . human multiples sclerosis
neuronal survival, Promotes excessive NO .
TH, 222.1; roliferation, roduction and neuronal lesion astrocytes (GFAP+).
TrkB MB, 218.9; pro‘teration, P . Hippocampal astrocytes [90,91]
. migration, dysfunction or death by .
AMY, 201.9; . .. . . . - (GFAP+) in the
differentiation, and inducing excitotoxicity. e . .
CTX, 190.6. lastici lithium-pilocarpine
P t temporal lobe epilepsy
mouse model.
Hippocampal Al
astrocytes in the chronic
WMSEPET  MedaeNws el et poss
NLRP3 MO: 2;SC, 1.9; inflammasome . . . T [92-94]
o mitochondrial increased synaptic
TH, 1.6. activation. . . .
dysfunction. branches, junctions,
end-point voxels, and
decreased branch length).
WM, 165.7; Participates in the Saturated LCFA mediates Neurotoxic reactive
ELOVL1 MO, 152; P, 140.7; LCE Ailon ation astrocyte-induced toxicity astrocytes in the TNF-«, [95]
CTX, 116.9; c cleg through lipoapoptosis IL-1«, and Clg-induced
BG, 115.6. yee. (PERK pathway). primary murine model.
Involved in fatty Promotes the Spinal cord pro-
CTX, 366.1; . . . . .
acid metabolism and NEF-«B-driven inflammatory /neurotoxic
CB, 228.1; L. .
establishing the pro-inflammatory astrocytes (GFAP+,
FABP7 BG, 210.5; . .o, L . [96]
HP. 198.7- radial glial fiber response, which is FABP7+) in the
Mé) 1 8.8 ! system in the detrimental to motor hSOD1-linked ALS mouse
’ ’ developing brain. neuron survival. model.
Regulates Contusive spinal cord
BG, 16.1; differentiation, Promotes the secretion of injury rat neurotoxic Al
WM, 14.0; proliferation, pro-inflammatory astrocytes (GFAP+, C3+,
Notch 1 TH, 13.9; apoptosis, neurotoxic factors, NICD+) and induced [97]
MO, 13.5; neurogenesis, neuronal apoptosis, and (TNF«, IL-1¢, and Clq)
MB, 12.3. gliogenesis, and axonal damage. primary astrocytes (Al
neuritogenesis. phenotype).
HYP, 13.4; Catglyzes the . May contribute to their
’ synthesis of D-serine, ic off . .
SRR CTX, 13.1; a key coagonist with neurotoxic effects by Primary mouse reactive 98]
P, 12.7, TH, 12.5; y activating extra-synaptic astrocytes (GFAP+, C3+).
CB, 12.5 glutamate at NMDA receptors
s NMDA receptors. )
Itisa DNA
chaperone involved Hippocampal astrocytes
CTX, 362.4; : L. . .
WM. 308.2- in replication, Promotes the expression (GFAP+) and primary
S s transcription, of pro-inflammatory microglia-stressed Al
HMGB1 P, 286.2; . . . . . [99]
chromatin cytokines through astrocytes in mice with
HYP, 282.9; . . . . .
BG. 2822 remodeling, DNA RAGE signaling. sepsis-associated

repair, and
genome stability.

encephalopathy.




Cells 2024, 13,921

11 0f 28

Table 1. Cont.

Mediator

Brain
Expression *

Physiological
Roles **

Neuropathological Roles

Model/Astrocyte
Description ***

Refs.

Neurotoxic mediators

Kir 6.2

CB, 12.4; CTX,
11.9; BG, 8.3;
P, 8.2, MO, 8.

Subunit of
ATP-sensitive
potassium channels.

Mediates mitochondrial
fragmentation, resulting
in its malfunctioning.

Reactive Al neurotoxic
astrocytes (GFAP+, C3+)
in an LPS-induced PD
mouse model.

[100]

Lcn2

CTX, 0.5; P, 0.3;
MO, 0.3; BG, 0.1;
TH, 0.1.

Iron-trafficking
protein involved in
apoptosis and innate
immunity

Contributes to neuronal
loss, pro-inflammatory
cytokine expression, and
immune cell infiltration

Pro-inflammatory
astrocytes in LPS-induced
primary spinal cord mice;

TNFea, IL-1e, and Clq
primary spinal cord Al
phenotype astrocytes.
Contusive spinal cord
injury rat astrocytes
(GFAP+)

[101,102]

Neurotrophic mediators

FZD1

MB, 6.2; CB, 5.8;
HF 4.7, TH, 3.4;
HY, 2.9.

Involved in the
Wnt/ 3-catenin
signaling pathway,
which is associated
with
neuroprotection.

An alteration of Wnt, a
pathway controlled by
FDZ1, contributes to Tau
hyperphosphorylation,
memory impairment, and
increased AP production
through GSK3
hyperactivity.
Mediates midbrain
dopaminergic
neurodevelopment as well
as its recovery after
insults.

MPTP-induced PD
C57BL/6 mice activated
astrocytes of the ventral
midbrain (GFAP+) and
primary astrocytes from
mouse ventral midbrain

and aNPCs from
subventricular zone and
midbrain co-culture
(treated with MPTP and
the Wnt inhibitor Dkk-1).

[103,104]

ARG1

CB, 1.0; CTX, 0.5;
MO: 0.4; P, 0.3;
HP, 0.3.

Implicated in
neuronal
growth/regeneration
and adaptive/innate
immune responses.

The astrocytic urea cycle
exerts opposing roles of
beneficial Ap
detoxification and
detrimental memory
impairment in AD.

AP primary astrocyte
cultures and reactive
astrocytes from
postmortem hippocampal
samples of AD patients
(GFAP+, ARG1+) and
transcriptome data (KEGG
pathway analysis).

[105]

Nrf2

WM, 91.8;
CTX, 86.7; P, 84.5;
BG, 83.9; MO, 82.

Immune system
maintenance.
Upregulates genes
that promote
glutathione
synthesis. Reduces
the expression of
pro-inflammatory
cytokines.

Coordinates the
upregulation of
antioxidant defenses. Its
deficiency promotes
oxidative stress and
abnormal
neuroinflammation by the
upregulation of
pro-inflammatory
cytokines and, therefore,
neurodegeneration.

Familial ALS mouse
models overexpressing
Nrf2
astrocytes that induce
neuroprotection (GFAP+,
hPAP+) and primary
astrocyte-motor neuron
co-cultures.

[106-108]
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Table 1. Cont.

. Brain Physiological . Model/Astrocyte
Mediator Expression * Roles ** Neuropathological Roles Description *** Refs.
Neurotrophic mediators
Reduction of SphK1
expression can lead to
defective microglial
phagocytosis and
Regulates . dysfunction of 6-OHDA
neuroinflammation . . . . . .
response. Stimulates inflammation resolution hemiparkinsonian mouse
TH, 8.5; P, 4.5; tfle ac tivation of due to decreased secretion  (injected with desipramine
SPHK1 MB, 4.1; MO, 4.0; of specialized for dopaminergic [109,110]
NEF-kf for IL-17 . . . :
AMY, 4. svnthesis pro-resolving mediators. protection) protective A2
yn. ’ Sphk1 binds its receptor astrocytes (GFAP+,
Contributes to . .
cellular survival and facilitates neuroprotective genes+).
’ GDNF-induced
enhancement in the
transcription of GAP43, a
key protein in axons.
Mediates Promotes neural stem cell
angiogenesis and the proliferation and MFGES overexpressing
CTX, 61.8; anti-inflammatory migration toward KO/BCAS mouse (AAV
MFEGES CB, 56.4; response through ischemic brain tissues. vector) astrocytes (GFAP+; [111,112]
MO, 55.9; P, 55.6; phagocytosis and Increases microglial CD45-/GLAST1+) and !
WM, 55.6. pro-inflammatory phagocytosis of myelin primary astrocyte-OPC
cytokine debris and promotes neuron cultures
downregulation. remyelination.
A decrease or
Contributes to polymorphism of BDNF is
survival and associated with cognitive
HP, 8.2; CTX, 5.3; dlffiszigi;?n o hos h(j)idllall?(,)rtlag napse o?f)éljeA><D1:erl;§ %gliItF
BDNF CB,3.3; M, 3.3; phosphorylation, synap P [113,114]
P o5 development, loss, and reactive astrocytes
e synaptic plasticity, neurodegeneration. (GFAP +).
and memory Promotes dendrite
formation. outgrowth and spine
density
Involved in P301S Tau or C57
angiogenesis and Regulates signaling mouse-derived
TH, 14.3; . . >
. ) promotion of cell pathways involved in neuron-astrocyte
CTX, 11.3; P, 10.8; . . .
TSP1 MO. 10.8: adhesion. inflammation. co-cultures and neuron [115]
MB, 4 4 ! Contributes to Determines peripheral AB  culture treated with ACM
T neuroprotection homeostasis. and anti-TSP1 antibody or
against Ap. recombinant mouse TSP1.
Plays. an essential Any alteration in TGF-31 .
role in neuronal . . . Reactive astrocytes
. signaling contributes to
survival and AD throueh reduced (GFAP+)
MO, 54.2, modulates the hos ho? lation of in SBE-LucRT mice to
TGF-p1 TH, 43.4, SC, 42, expression and p SnE)a dZ}/IS and measure TGFf signaling [116,117]
WM, 40, P, 39.2 activation of other after stroke by occlusion

growth factors, like
interferon-gamma
and TNF«.

downregulation of
TGF-f1 type Il receptor
expression.

of a distal middle
cerebral artery.

Abbreviations: 6-OHDA: 6-hydroxydopamine; Af: amyloid beta; AAV: adeno-associated virus; ACM:
astrocyte-conditioned medium; AD: Alzheimer’s disease; ALS: amyotrophic lateral sclerosis; aNPCs: adult
neural stem/precursor cells; ARG1: Arginase 1; ATP: adenosine triphosphate; BBB: blood-brain barrier;
BCAS: bilateral carotid artery stenosis; BDNF: brain-derived neurotrophic factor; C1q: complement compo-
nent 1q; C3: complement C3; CCL2: C-C motif chemokine ligand 2; CD49f: integrin subunit alpha 6; CNS:
central nervous system; CXCL10: C-X-C motif chemokine ligand 10; Dkk-1: Dikkhopf-1; EAE: experimental
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autoimmune encephalomyelitis; ELOVLI: elongation of very-long-chain fatty acid protein 1; ERBB: EGF receptor
family; FABP7: brain-type fatty acid-binding protein 7; FZD1: frizzled class receptor 1; GAP43: growth associated
protein 43; GLAST1: glutamate aspartate transporter 1, GM-CSF: granulocyte-macrophage colony-stimulating
factor 2; GSK3: glycogen synthase kinase 3; HMGB1: high-mobility group protein B1; hPAP: human placental
alkaline phosphatase; hSOD1: human superoxide dismutase 1; IkBo: nuclear factor of kappa light polypeptide
gene enhancer in B-cell inhibitor alpha; IL-1«: interleukin 1 alpha; IL-17: interleukin 17; iPSC: human-induced
pluripotent stem cell; KCNJ11 (kir6.2): ATP-sensitive inward rectifier potassium channel 11; KO: knock out; LCFA:
long-chain fatty acid; Len2: Lipocalin 2; LPS: lipopolysaccharide; MFG ES8: milk fat globule-epidermal growth
factor 8; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NF-k3: nuclear factor kappa-light-chain-enhancer
of activated B cells; NICD: notch intracellular domain; NLRP3: nucleotide oligomerization domain (NOD)-like
receptor protein 3; NMDA: N-methyl-D-aspartate; NO: nitric oxide; Notch 1: neurogenic locus notch homolog
protein 1; Nrf2: nuclear factor erythroid 2-related factor 2; NRG1: Neuregulin-1; OPC: oligodendrocyte progenitor
cell; PD: Parkinson’s disease; PERK: protein kinase R-like endoplasmic reticulum kinase; RAGE: receptor for
advanced glycation end products; S1003: 5100 calcium-binding protein B; SBE-lucRT: Smad-responsive luciferase
promoter; SERPINA3: Alpha 1-antichymotrypsin; Smad: mothers against pentaplegic homolog; SPHK1: sphingo-
sine kinase 1; SRR: serine racemase; TGF-f3: transforming growth factor beta; TNFa: tumor necrosis factor alpha;
TrkB: tyrosine receptor kinase B; TSP1: Thrombospondin 1; Wnt: wingless-related integration site. Brain regions:
AMY: amygdala; BG: basal ganglia; CB: cerebellum; CTX: cerebral cortex; HP: hippocampus; HY: hypothalamus;
MO: medulla oblongata; MB: midbrain; P: Pons; SC: spinal cord; TH: thalamus; WM: white matter. * Gene
expression by brain region was obtained from the Human Protein Atlas (http:/ /www.proteinatlas.org/, accessed
on 13 May 2024). ** Data source: UniProt.org (accessed on 13 May 2024). *** Terminology used to describe
astrocytes in the cited articles.

4. Roles of Reactive Astrocytes in Neurodegenerative Diseases and
Therapeutic Approaches

This section discusses how astrocyte reactivity is involved in the progression of com-
mon neurodegenerative diseases. Furthermore, we identify potential therapeutic strategies
associated with neurotoxic and neuroprotective mediators in different signaling pathways
of astrocytes (Figure 1 and Table 2).

4.1. Alzheimer’s Disease

AD is the most common neurodegenerative disorder, affecting approximately 50 million
patients worldwide [118]. Histopathologically, AD is characterized by amyloid plaques
formed by the extracellular deposition of amyloid-beta peptide (AB) and neurofibrillary
tangles produced by hyperphosphorylation of the microtubule-associated Tau protein [119].
A oligomers activate microglia, releasing pro-inflammatory cytokines that ultimately lead
to Tau protein hyperphosphorylation and aggregation. Tau release upon neuronal death
also causes microglial activation, thus generating a vicious cycle that ends in neurode-
generation [119,120]. Astrocytes are largely involved in amyloid pathology since they are
abundant in the CNS, but their role in AD has been less associated with neurodegeneration
than that of microglia [121]. However, along with the connection between astrocytes and
AD, their roles in AD development and progression are currently gaining more attention.

Studies on AD brains have shown that reactive astrocytes accumulate around Af3
deposits [122]. It has also been demonstrated that after exposure to A3, astrocytes polarize
to the Al state and release a series of cytokines, such as IL-1 or IL-6, NO, ROS, and
glutamate [8,123,124]. Growing evidence suggests that reactive astrocytes are primarily
located in the microenvironment of amyloid plaques [125-127]. Interestingly, Olabarria
et al. (2010) observed astroglial hypertrophy around the plaques and astroglial atrophy far
from the plaques as a generalized process [126]. Moreover, Habib et al. have identified
a unique reactive specific astrocyte subtype of AD, named disease-associated astrocyte
(DAA). DA As appear in the early stages of the disease, mainly localized around A{} plaques
in both the hippocampus and subiculum. These regions are adversely affected by AD [128].
To date, the involvement of A2 astrocytes in AD has not been reported. Future research
should focus on analyzing the different astrocytic phenotypes in affected areas from the
early to late stages of the disease.

Proposed therapeutic approaches associated with astrocyte reactivity (Table 2) involve
preventing the secretion of microglial cytokines, such as IL-1«, TNFe, or Clq, known
to trigger astrocytic differentiation to the neurotoxic phenotype [129]. Some drugs that
have been shown to influence this mechanism are agonists of the glucagon-like peptide-1
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(GLP-1) receptor (GLP-1R) (GLP-1RA), TNF« inhibitors (i-TNF«x), Clq inhibitors, and IL-1x
inhibitors, among others.

GLP-1RAs, an approved treatment option for type 2 diabetes mellitus, have autonomic
and neuroendocrine regulatory actions associated with neuroprotective effects [128]. GLP-
1R is expressed in various areas of the CNS that are closely related to memory and learn-
ing [130]. Several studies have indicated that GLP-1RA improves cognitive dysfunction
in vivo and protects astrocytes in vitro, potentially by inhibiting the NLRP3 inflammasome
pathway [131,132]. Another hypothesis is that GLP-1RAs influence brain metabolism and
its action on astrocytic aerobic glycolysis, during which GLP-1 increases astrocytic glycolytic
capacity via phosphatidylinositol-3-kinase (PI3K/Akt). NLYO01, a long-lasting GLP-1RA,
is proposed to block neurotoxic astrocytes. It effectively penetrates the BBB and inhibits
reactive microglia-induced astrocytes while preserving neuronal viability [130,133,134].

Dimethyl itaconate (DI), an itaconate derivative, reduces neurotoxic reactive astro-
cytes and inhibits inflammasome assembly, reducing caspase-1 cleavage and IL-1§3 levels.
Furthermore, DI attenuates NF-kB phosphorylation and exerts a neuroprotective effect by
reprogramming astrocytes from an Al neurotoxic state to an A2 neuroprotective state [135].
Microglial activation of TLR4, which triggers NF-«B signaling, causing a specific Al astro-
cyte response in brain tissue, was observed in APP/PS1 transgenic (Tg) mice, which is a
model of AD. The impact of treatment with Fasudil, an inhibitor targeting the RhoA /ROCK
signaling pathway associated with inflammation and oxidative stress, has also been inves-
tigated. Fasudil suppressed microglial activation and promoted the expression of the A2
astrocyte phenotype through TLR4 and NF-xB downregulation [136].

Moreover, there are other drugs with potential effects on the neurotoxic effects of
reactive astrocytes in AD, such as etanercept (i-TNF«), anakinra (recombinant IL-1c antag-
onist), non-steroidal anti-inflammatory drugs (NSAIDs), and C3 or C1q inhibitors [137],
among others. Cornuside, for example, is an iridoid glycoside from Cornus officinalis that
modulates memory deficits in Tg mice used as AD models. This glycoside could sup-
press the activation of the NF-«B pathway, upregulated in the cortex and hippocampus of
AD mouse models, through IxBa downregulation and p65 protein upregulation. Cornu-
side was proposed as a regulator of astrocyte reactivity that enhanced synaptic plasticity
and alleviated cognitive decline through the NF-«B signaling pathway in an AD mouse
model [138].

On the other hand, applying specific cytokines has been considered a potentially
helpful approach for astrocyte reactivity to promote the synthesis of neuroprotective medi-
ators (Table 2). These cytokines include tissue inhibitors of metalloproteinase-1 (TIMP-1),
intercellular adhesion molecule-1 (ICAM-1), TGF-f3, IL-1, and interferon-3 (IFN-f3), among
others. Saha et al. (2020) demonstrated that the intracerebroventricular administration of
recombinant exogenous TIMP-1 in rats infused with A3 reduced this peptide and apoptosis
in the hippocampus and other cortical regions. In addition, this drug decreased cogni-
tive dysfunction and promoted the activation of neuroprotective astrocytes through Akt
pathway activation [139].

While astrocyte-targeted therapeutic options appear promising, more research is
needed to assess their efficacy and safety. Some drugs mentioned in this section can poten-
tially regulate astrocyte reactivity, but more studies are required to fully understand the
effects of astrocytes. Understanding the complex interplay between astrocytes, microglia,
and other factors involved in neurodegeneration will be critical to advancing effective
treatments for AD. While these drugs could alleviate AD symptoms, approaches to stop
neurodegeneration and promote the correct structural and functional recovery of neural
circuitry damaged by AD are needed for an efficient treatment against AD.

4.2. Parkinson’s Disease

PD is the second most common neurodegenerative disorder, with an estimated world-
wide prevalence of 6.2 million patients [140]. Histopathologically, it is characterized by
pathological a-synuclein (x-syn) aggregates, neuroinflammation, and neurodegeneration
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of the dopaminergic nigrostriatal system [141,142]. It has been suggested that x-syn plays
a significant role in astrocytic activation, attributed to the presence of x-syn aggregates
within reactive astrocytes [143]. It should be noted that while intracellular o-syn has been
detected in reactive astrocytes, the clearance of extracellular x-syn is reduced, implying
that astrocytes may face challenges in effectively breaking down ingested o-syn [143].
Also, it has been suggested that Al reactive astrocytes are induced by x-syn-activated
microglia [129].

Oxidative stress, impaired lysosomal degradation mechanisms, and mitochondrial
dysfunction have been associated with pathological o-syn accumulation [144,145]. Research
suggests that this abnormal accumulation would result in a change from A2 astrocytes to
Al reactive astrocytes, indicating that increasing the A1/A2 ratio of reactive astrocytes
drives the abnormal aggregation and spread of x-syn and, therefore, PD progression.

On the other hand, extracellular «-syn could activate microglia through TLR2 and
TLR4 [146], acting as damage-associated molecular patterns and inducing the activation
of NF-«B [92,147] and the production of pro-inflammatory cytokines [92]. In this way, the
role of a-syn in astrocytes is highlighted since its continuous misfolding and resistance to
degradation could generate a perpetual state of reactivity.

Luna-Herrera et al. (2020) reported that the Al reactive astrocyte response was
associated with the loss of dopaminergic neurons in the substantia nigra pars compacta
(SNpc) in a PD animal model [148]. In postmortem studies, Liddelow et al. demonstrated
the presence of A1 reactive astrocytes in the brains of PD patients [8]. Likewise, Valenzuela
et al. showed that intranigral administration of LPS induced the A1 neurotoxic phenotype
in a progressive and sustained manner associated with the progression of dopaminergic
neurodegeneration. Moreover, in this PD animal model, the A2 astrocyte phenotype
presents a defensive response to injury in the brain [92].

Concerning therapeutic approaches, identifying reactive astrocytes within the SN
in both patients and preclinical models of PD is a crucial element (Table 2). The use of
NLYO01 in PD models has a neuroprotective effect through the direct prevention of astrocyte
reactivity mediated by the blockade of microglia and inhibition of the release of IL-1c,
TNF«, and Clq [129]. However, no further studies have contributed to improving the
evidence of the blocking effect of NLY01 on reactive astrocytes. Interestingly, NLY01 is
currently being clinically evaluated [NCT04154072] to assess the safety, tolerability, and
efficacy of NLY01 in subjects with early untreated PD.

Statins, which are primarily used to inhibit cholesterol synthesis, are another class
of drugs with the potential to influence astrocyte reactivity by inhibiting the enzyme 3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA reductase). Statins have
shown beneficial effects for managing neuroinflaimmatory conditions [149,150]. It has been
identified that simvastatin, a lipophilic statin capable of crossing the BBB, can modulate
the activity of the nuclear receptor subfamily A group 4 member 2 (NR4A2, also known
as NURR1) in reactive astrocytes. NURR1 belongs to a group of orphan nuclear receptors
with broad physiological actions. For example, it antagonizes the signaling of the NF-«B
pathway of macrophage and microglia pro-inflammatory genes, thereby influencing astro-
cyte reactivity [151,152]. Through these mechanisms in reactive astrocytes, it is proposed
that simvastatin decreases the production of IL-6 and TNF«x and their amount in the SNpc,
which prevents the loss of dopaminergic neurons with consequent improvement in be-
havioral tests of preclinical models [151,153]. Simvastatin was tested in a clinical trial to
evaluate its neuroprotective effect in patients with moderate severity of the condition. The
trial was a double-blind, randomized, placebo-controlled futility study, and the primary
outcome was a change in the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) Part
IIT motor subscale score in the OFF-medication state (OFF state). However, study results
have not been submitted to ClinicalTrials.gov [154]. Future research is required to better
understand and develop astrocyte-targeted therapeutic strategies in PD, highlighting the
role of x-syn in astrocyte activation.
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4.3. Huntington’s Disease

HD is the most common of the dominant hereditary neurodegenerative diseases. It is
characterized by neuropsychiatric and motor symptoms such as chorea, akinesia, bradyki-
nesia, hypokinesia, and progressive cognitive impairment [155]. HD typically begins in
adulthood and follows an irreversible progression of 15 to 20 years, ultimately leading
to death [156]. It is caused by an autosomal mutation of the Huntingtin gene (HTT), with
full penetrance, when the CAG codon exceeds 40 repeats [157]. The amyloidogenic mu-
tant huntingtin (mHtt) forms soluble fragments and aggregates that are toxic to neurons,
particularly the medium-spiny neurons in the striatum [13]. The presence of mHtt and neu-
rodegenerative processes in the striatum can trigger immunological responses of microglia
and astrocytes [158]. In this context, it was demonstrated in various Tg mouse models
that mHtt inclusions trigger microglial activation [159], which promotes the expression in
astrocytes of pro-inflammatory genes through NF-«B activation [158]. Furthermore, the
increased reactivity of Al astrocytes is linked to a neurotoxic phenotype in the brains of
HD patients because elevated counts of C3 immunoreactive astrocytes have been found in
the caudate nucleus [8,160].

Diaz-Castro et al. (2019) suggest that A1 and A2 astrocyte activity may not be observed
in all areas of the HD brain but only in areas affected by HD [157]. Using RN Aseq, these
authors evaluated astrocyte reactivity genes in both R6/2 and Q175 mouse models of
HD. No astrocyte reactivity occurred in the early stages of HD, only in the late stages
where they found increased gene activity related to Al astrocytes [157]. However, these
researchers suggest that astrocyte reactivity is unlikely to contribute to neurodegeneration
in the early stages.

Likewise, in a rat model of HD induced by 3-nitro propionic acid, researchers observed
motor dysfunctions, neurological disorders, and damage in the striatum [161]. The study
reported a significant increase in Al astrocytic levels in the striatum, hippocampus, and
cerebellum through histological and molecular analysis for GFAP, C3, TNF«, and IL-
1o [161]. Subsequently, the same working group reported the therapeutic use of kaempferol
in this HD model (Table 2) since the treatment decreased the reactivity of A1l astrocytes [162].
As an attractive astrocyte-focused therapeutic strategy, kaempferol has recently gained
relevance for its anti-inflammatory and anti-neuroinflammatory actions [162]. The effect is
mainly attributed to its ability to inhibit phospholipase A2, lipoxygenase, cyclooxygenase,
and NO synthesis by inhibiting the inducible NO synthase (iNOS) enzyme [162]. These
actions are attractive pharmacological targets in astrocytes since kaempferol can cross the
BBB [163]. Although the exact mechanism of its antioxidant and anti-inflammatory actions
is not fully known, it is believed that the inhibition of the NF-kB pathway and decrease
in pro-inflammatory cytokines IL-1&, TNF«, and Clq are responsible for kaempferol’s
neuroprotective effects. These effects may inhibit astrocyte reactivity differentiation in
preclinical models of HD [162]. Understanding the complex interplay between glial cells
and their activation patterns holds promise for future therapeutic strategies targeting
astrocytes in HD.

4.4. Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory and neurodegenerative disease and the
leading cause of non-traumatic disability worldwide [164,165]. According to the MS Atlas
by the International Federation of MS, this disease affected around 2.8 million people in
2020 [166]. Neurologically, MS patients experience episodes of motor dysfunction as well
as sensory symptoms and optic neuritis.

MS is characterized by neuronal demyelination, axonal degeneration, and reactive
gliosis in white and gray matter in the brain and spinal cord and by the infiltration of
macrophages and T and B lymphocytes [167,168]. The interaction between infiltrating T
cells and astrocytes is pivotal [169]. This interaction occurs directly with T cells binding to
astrocytes via major histocompatibility complex molecules, leading to immune response
activation and inflammatory factor release [170,171]. Additionally, indirect mechanisms
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involve T cells releasing cytokines like IL-17 and IL-6, thus prompting astrocyte reac-
tivity [170,172]. Ultimately, these interactions create an inflammatory environment that
contributes to myelin and neuronal damage in MS.

In MS, astrocytes are transformed to the Al phenotype [8], which could secrete sev-
eral neurotoxic cytokines such as TNFe, IL-1f3, and IL-6, leading to the formation of
a pro-inflammatory environment in the CNS, myelin damage, and deterioration of the
remyelination process [173].

Several reports indicate that specific microRNAs play a vital role in the processes
of demyelination and remyelination in MS [174,175]. Upregulation of miR-155 inhibited
myelin repair by promoting a pro-inflammatory microenvironment in the CNS [176]. Fur-
thermore, it was confirmed that miR-155 promotes pro-inflammatory cytokine production
in astrocytes [176]. Interestingly, it has been suggested that the A1 phenotype induces
oligodendrocyte death and inhibits differentiation and maturation of oligodendrocyte
precursors, thus exacerbating demyelination and preventing myelin repair [8]. In MS,
oligodendrocytes are the target of inflammatory and immune attacks, and their gradual
death leads to demyelinated lesions and remyelination failure [177].

On the other hand, A2 astrocytes enhance the maturity of oligodendrocyte precursor
cells and protect against the progression of white matter lesions [178]. MiR-155 may regulate
the transition between Al and A2 reactive astrocytes, making it a potential treatment target
for myelin repair in MS [179].

The presence of reactive astrocytes has been evidenced and associated with demyeli-
nating lesions and neurodegeneration zones [180]. These findings suggest a link between
NLRP3 inflammasome activation in microglia and the conversion of astrocytes into the neu-
rotoxic Al phenotype [180]. Additionally, Al astrocyte reactivity was recently evaluated
through histological assays, where an increased C3 marker perpetuates neuronal dam-
age [179]. Similarly, an alteration in the phenotype with a hypertrophic cell body and thick
processes has been recorded [181]. Current research shows that several drugs used to treat
demyelinating diseases, such as MS, provide therapeutic benefits by modulating astrocytic
activity, either by reducing the harmful actions of reactive astrocytes or by potentiating
their beneficial effects [182,183].

Dimethyl fumarate (DMF) is a drug belonging to the group of fumaric acid esters
(Table 2). It has immunomodulatory and neuroprotective properties and treats MS as a
disease-modifying agent for relapsing-remitting MS [184]. Both DMF and isosorbide DMF
(IDMF), a new molecule synthesized through the esterification of isosorbide with DMF,
decreased C3+ reactive astrocytes by activating the nuclear factor-related erythroid factor-2
(Nrf2) pathway, the master transcription regulator of oxidative stress-related genes, includ-
ing those of the NF-kB pathway and hypoxia-inducible factor 1 alpha [184,185]. Another
study carried out in fetal human astrocytes identified that IDMF alters the expression of
genes associated with MS, including antioxidant gene heme oxygenase 1 and genes linked
to the integrity of the extracellular matrix (metallopeptidase inhibitor 3 and serum matrix
metalloproteinase-9). Moreover, the same study found that IDMF downregulates mitogenic
genes associated with the reactive astrocytes, such as the intercellular adhesion molecule 1
gene. These findings suggest that the IDMF-mediated neuroprotection could be due to
inhibiting astrocyte reactivity [186].

Siponimod and fingolimod (Table 2) are MS-modifying drugs approved for the
treatment of secondary progressive and relapsing MS, respectively. They function as
sphingosine-1-phosphate (S1P) receptor 1 antagonists and S1P receptor 5 agonists. S1P
receptors are expressed in various organs and regulate functions such as lymphocyte
trafficking, brain development, and vascular permeability. The S1P receptor 1 plays an
essential role in neurogenesis, immune cell trafficking, and endothelial barrier function.
Blocking these receptor-employing modulators in preclinical models reduces cytokine
amplification and immune cell recruitment, which is the aim of MS treatment. However,
S1P receptor 1 participates in glial activation and proliferation [187]. Siponimod, as an
S1P receptor 1 antagonist, suppresses the activation of the NF-kB pathway and histone
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deacetylase enzyme. This inhibition reduces the production of pro-inflammatory cytokines
IL-1B, IL-6, and TNF« at the astroglial level. Additionally, siponimod leads to S1P receptor
1 internalization in astrocytes and activates Nrf2, which is associated with antioxidant and
neuroprotective responses by astrocytes [188-190]. On the other hand, the GLP-1RA NLY01
has shown therapeutic potential by blocking neurotoxic astrocyte conversion in preclinical
models of MS [133].

Table 2. Astrocyte-targeting therapeutic approaches in distinct neurodegenerative diseases.

Model Drug Mechanism Astrocytic Effect Refs.
Alzheimer’s disease
(3—mzl£$cr}11?(g)lecrlll’5cx?;(‘;§ and Selective blockade of Blockade of reactive astrocytes
NLYO01 ApB-induced activation (C3+) activation through [130]
7-month-old male through GLP-1R activation. microglial blockin,
3xTg-AD). & : & &
Adult male Sprague MMP inhibitory cytokine; Activation of neuroprotective
Dawley rats infused with TIMP-1 activation of Akt signaling . P [139]
reactive astrocytes (TIMP+).
Ap1-42. pathway.
Transgenic mice Cornuside (7-O- Activation Of Alft‘/l‘\Ter Regulation of A1/A2 astrocytic
(8-month-old 3xTg-AD) Galloylsecologanol) pathway and inhibition of phenotype from Al to A2 [138]
' NEF-«B signaling. ’
. Downregulation of Regulation of A1/A2
Male APP/PS1 Tg mice Fasudil TLR4/MyD88/NF-xB astrocytic phenotype from Al [136]
(8 months old). . ..
pathway. to microglia-induced A2.
Parkinson’s disease
PFF intrastriatal injection Blockade of Inhibition of reactive Al
in 3-month-old male and NLYO01 microglia-derived factors astrocvtic differentiation [129]
female C57BL /6 mice. (IL-1¢, TNFe, IL-183, IL-6). y ’
MPTP lesioned male mice Prevention of conversion into [191]
ages 4-5 months old. reactive Al astrocytes in SNpc.
Si tati NURR1 modulation.
Male adul‘t .Sprague’ rmvastatin v moduiation Effective inhibition of
Dawley rats injected with . L. [153]
astrocytic activation.
LPS.
Huntington’s disease
Male Wistar rats, Blockade of the NF-«xB ey .
. .. . . Inhibition of the generation of
9-10 weeks old (Murine Kaempferol activating signaling C3+ Al reactive astrocvtes [162]
3-NPA model). pathway. ytes.
Multiple sclerosis
Inhibition of inflammatory
. . microglial activity. .
TS AL v oo odedeotreone g
’ antioxidant Nrf2 pathway y '
in glial cells and neurons.
Activation of the
C57BL/6 mice with EAE gnt10.x1dant Nrf2 pathway Blockade of C3+ reactive
DMF in glial cells and neurons. . . [184]
(7 weeks old). astrocytic conversion.

Suppression of C3
deposition in astrocytes.
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Table 2. Cont.
Model Drug Mechanism Astrocytic Effect Refs.
Multiple sclerosis
Mouse primary Suppression of the
astrocyte-enriched cultures Siponimod activation of the NF-«xB
from newborn C57BL/6 p pathway and the histone )
mouse brains. deacetylase enzyme. Blockade of activated [188]
astrocytic responses.
In vitro human astrocytes Inhibition of the NF-«xB
from reprogrammed skin Siponimod pathway and by Nrf2
fibroblasts. factor induction.
IFN-y-activated astrocytes Decrease of IFN-y-
cultured from 3-day-old Fingolimod induced MHC class II Inhibition of activated [190]
female Wistar rat (FTY720) expression and increase of astrocytes.
neocortices. ADR-32 expression.
Cuprl;one:——trlggerec% . Regulation of A1/A2
demyelination model in Bu Shen Yi Sui capsule Decrease in astrocytic phenotype from Al
female C5TBL/6] mice p proinflammatory cytokines yuep yP [179]
(BSYS) (C3 and CFB+) to A2 (PTX3
between 6 and 8 weeks IL-6 and IL-1.
and S100A10+).
of age.
Other trials
Primary murine astrocytes Reduce LPS-induced Rebrogramming astrocvtes
isolated from C57BL/6 . . NLRP3 inflammasome prog e Y
Dimethyl itaconate . from neurotoxic Al (IL-1 and [135]
pups (one day old) and activation and IL-13 GFAP+) to A2 (Arg 1+) states
stimulated with LPS. secretion. & ’

Abbreviations: A3: amyloid beta; AD: Alzheimer’s disease; ADR-32: 32 adrenergic receptor; Akt: protein kinase B;
APC: antigen-presenting cells; APP: amyloid precursor protein; ARG1: Arginase 1; BSYS: Bu Shen Yi Sui capsule;
C3: complement C3; CFB: complement factor B; DMF: dimethyl fumarate; EAE: experimental autoimmune
encephalomyelitis; FTY720: fingolimod; GFAP: Glial Fibrillary Acidic Protein; GLP-1R: Glucagon-like peptide-1
receptor; IFEN: interferon; IL-1«: interleukin 1e; IL-1f3: interleukin 1f3; IL-6: interleukin-6; LPS: lipopolysaccharide;
MHC: major histocompatibility complex; MMP: matrix metalloproteinase; MPTP: 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; MyD88: myeloid differentiation primary response protein 88; NF-«kB: nuclear factor kappa-
light-chain-enhancer of activated B cells; NLRP3: Nod-like receptor protein 3; 3-NPA: 3-nitropropionic acid; Nrf2:
nuclear factor erythroid 2-related factor 2; NURR1: nuclear receptor related 1; PFF: a-synuclein pre-formed fibril;
PS1: Presenilin 1; PTX3: Pentraxin 3; SNpc: Substantia nigra pars compacta; S100p: S100 calcium-binding protein B;
Tg: transgenic; TIMP-1: tissue inhibitor of metalloproteinase-1; TLR4: Toll-like receptor 4; TNFo: tumor necrosis
factor «.

5. Conclusions

The diversity of astrocyte populations, each with its unique characteristics and func-
tions, emphasizes the complex nature of their involvement in neurodegenerative diseases.
Some astrocytes contribute to a pro-inflammatory environment by exacerbating neurode-
generation, whereas others exhibit neuroprotective functions. The dysregulation between
neurotoxic and neuroprotective states is pivotal in disease pathogenesis. Therapeutic
avenues targeting the suppression of neuroinflammatory astrocytes, or the enhancement
of neuroprotective astrocytes hold great potential for treating these neurodegenerative
disorders. Agents such as GLP-1RA, statins, or DMF can modulate astrocytes function,
offering promising approaches.

Further research is imperative to unravel intricate glial interactions, devise better
astrocyte-targeting therapies, and evaluate their long-term safety and efficacy. Under-
standing the myriad morphologies and molecular pathways governing astrocyte acti-
vation may unveil novel therapeutic strategies. In sum, prioritizing the control of as-
trocyte reactivity is a promising avenue in the quest for innovative treatments against
neurodegenerative diseases.
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