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Abstract

Background Central nervous system (CNS) astrocytes have various functions in the central nervous system (CNS).
Many neurodegenerative diseases are associated with astrocyte dysfunction.

Main body of the abstract Undoubtedly, astrocytes play a crucial role in neurogenesis and synaptogenesis by con-
trolling the intercellular permeability of the blood—brain barrier and maintaining the homeostasis of the extracellular
space. Regarding nerve damage, mature astrocytes are divided into A1 and A2 astrocytes. The supportive patterns
of reactive astrocytes can be converted into toxic patterns and eventually lead to the development of neurologi-

cal diseases. Alterations of neurotransmitters, cell communication, receptors, and signaling pathways, especially

in the site of inflammation, secretion of inflammatory factors, secretion of growth factors, protein deposition, ion
homeostasis, and finally, changes in the size and number of astrocytes are among the most important pathogenic
alterations in astrocytes. Astrocytes also exhibit considerable heterogeneity due to the developmental mechanisms
they follow and stimulus-specific cellular responses influenced by CNS location, cell-cell interactions, and other
factors.

Short conclusion In recent years, biomolecular advances have led to a better understanding of astrocyte function,
allowing them to be considered a therapeutic target in healthy and diseased individuals. Understanding the interac-
tions between astrocytes and other cells will improve our knowledge of the regulation of astrocyte function in home-

ostasis and new therapeutic targets in future studies.
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Background

Astrocytes or astroglia are glial cells that resemble a star
and are the most abundant glial cells in the central nerv-
ous system (CNS) (Hanani and Verkhratsky 2021). The
characteristics of adult astrocytes can be classified based
on their functional and morphological characteristics
and their anatomical location. In terms of morphology,
astrocytes are divided into four types (Zhou et al.2019).
Fibrous astrocytes are among the most abundant astro-
cytes in the white matter of CNS, probably supporting
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glial cells. Protoplasmic astrocytes are the most com-
mon astrocytes found in the gray matter of CNS. They
are found in the deeper layers of the cerebral cortex and
play a crucial role in synapse development and function
(Verkhratsky et al. 2018). Polar astrocytes are found in
deep layers near the white matter. The density of these
cells reflects individual diversity of perception; their
appearance is affected by aging, and they have never been
observed in the brain of a human infant. The distal pro-
cesses of protoplasmic and polar astrocytes also make
connections with blood vessels and create perivascular
end-feet. Despite composing a significant fraction of the
human cortex astrocytes, the function of interlaminar
astrocytes is unclear (Liu et al. 2017).

Glial fibrillary acidic protein (GFAP) is a major compo-
nent of astrocyte intermediate filaments, and antibodies
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to this protein are the most extensively used immuno-
histochemical marker for astrocyte detection in rat and
human tissue (Escartin et al. 2021). Connexins, which
maintain the normal morphology and function of astro-
cytes and allow the passage of molecules between cells
and the extracellular matrix, are found in gap junctions
and hemichannels. Connexin-43 (Cx43) is a functional
entity capable of affecting metabolic gradients that is
highly expressed by astrocytes, particularly at the blood—
brain barrier (Pekny et al. 2016). Aquaporin-4 (AQP4) is
a water channel protein that is expressed by astrocytic
end-feet surrounding capillaries and is linked with water
transfer into and out of the brain parenchyma (Tang and
Yang 2016). The glutamate transporter 1 (GLT-1)/excita-
tory amino acid transporter 2 (EAAT-2) is the primary
transporter responsible for removing glutamate from
neuronal synapses and the extracellular environment,
and it is expressed particularly by astrocytes (Williams
et al. 2005).

Astrocytes play essential roles in CNS growth, home-
ostasis, and response to injury. These cells can change
their functions in response to the needs of the cells in
their surroundings. In addition to the regulation of syn-
aptogenesis, synaptic signaling, formation of the blood—
brain barrier, control of cerebral blood flow, energy
provision, metabolism, ion and pH homeostasis, anti-
oxidant response, inflammation, and the development,
homeostasis, and reconstruction of the white matter,
astrocytes are also responsible for regulating a variety of
other functions (Molina-Gonzalez and Miron 2019).

Researchers have shown that astrocytes are involved in
synaptic, circuit, and behavioral functions; in fact, these
cells are active communication elements of the central
nervous system capable of releasing various regulatory
signals. It is estimated that an astrocyte contacts with
more than 100,000 synapses at once and plays a role in
synaptic signaling through the release and uptake of neu-
rotransmitters (Farmer and Murai 2017). Astrocytes play
a remarkable role in enhancing synaptic strength and
function by expressing neurotransmitter receptors and
releasing neurotransmitters, such as glutamate, GABA
(Gamma-aminobutyric acid), adenosine triphosphate,
and serine D (Filous and silver 2016; Ahadiat and Hos-
seinian 2022a, b).

Astrocytes are structurally attached to synapses via
their outgrowths, and this structural connection contrib-
utes to synaptic signaling via neurotransmitter release
and absorption. Astrocytes play an important role in
increasing synaptic strength and function by expressing
neurotransmitter receptors and releasing neurotransmit-
ters like glutamate, GABA, adenosine triphosphate, and
serine D.Nerve activity causes the release of neurotrans-
mitters, which cause the generation of calcium signals in
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these cells via neurotransmitter receptors expressed on
astrocytes, a well-known phenomenon known as astro-
cyte excitability. Eventually, this transmission causes the
production of different transmitters like prostaglandins,
which allow them to modify synaptic function. (Emiran-
detti et al. 2006; Bolton and Eroglu 2009; Varela-Echevar-
ria et al. 2017).

Regulation of neurotransmitter homeostasis, including
glutamate, is one of the important functions of astrocytes
since they should quickly clear these neurotransmitters
from the extracellular space. Animal studies show that
reactive astrocytes lose their supportive role after acti-
vation and become toxic in developing neurological dis-
eases (Dutta et al. 2018).

The goal of this review is to provide comprehensive and
innovative knowledge about the role of activated astro-
cytes in the development of neurological disorders such
as Alzheimer’s, Parkinson’s, amyotrophic lateral sclerosis,
multiple sclerosis, and Huntington’s disease. Finally, we
discuss the role of astrocytes in oxidative stress and neu-
roinflammation briefly.

Main text

Astrocyte markers in tissue

Astrocytes are identified by protein antibodies including
(glial fibrillary acidic protein (GFAP), gap junction pro-
teins such as connexin 40 and protein S100, water chan-
nel aquaporin 4 (AQP4), glutamate markers (EAAT2,
EAAT1) and glutamine synthetase) in brain tissue
(O’Leary and Mechawar 2021; Chierzi et al. 2023).

Astrocytes in Alzheimer’s disease

Alzheimer’s disease is the most common CNS disorder
characterized by impairment of memory and cognitive
function (Zenaro et al. 2017). Pathologically, the aggre-
gation of beta-amyloid protein and tau protein with
abnormal phosphorylation is evident in the brain tissue
of patients with Alzheimer’s disease (Mohammadsade-
ghi 2021). Alzheimer’s disease is believed to occur due to
the impaired relationship between neural and astrocytic
functions, particularly in the hippocampus (Sapkota et al.
2022). Astrocytes clear amyloid-beta in the normal brain;
however, in patients with Alzheimer’s disease, impaired
amyloid-beta clearance may exacerbate amyloid plaque
formation (Nadkarni and Pillai 2022).

On the other hand, abnormal calcium and glutamate
homeostasis in astrocytes has also been suggested to
contribute to Alzheimer’s disease pathogenesis. In a bio-
physical model of the Alzheimer’s disease brain, astro-
cyte calcium signaling and gliotransmitter secretions
can be disrupted by amyloid plaques, indicating that
neuronal dysfunction can be involved in the first neuro-
logical defects of Alzheimer’s disease. Nevertheless, the
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mechanisms that link A signaling, astrocytic calcium
dynamics, and gliotransmission remain unknown (Matt-
son and Chan 2003). But briefly, the accumulation of
amyloid-p (AP) in the brain impairs the uptake of gluta-
mate in astrocytes by inhibiting the glutamate-stimulated
amino acid transporter 2 (EAAT2), which leads to the
overactivation of glutamate receptors which causes intra-
cellular Ca2 increase and nerve dysfunction. An increase
in intracellular calcium causes an increase in the release
of y-aminobutyric acid (GABA), which, as a result,
increases the absorption of GABA by neurons, disrupting
memory and synaptic plasticity (Lee et al. 2022).

Excessive production of GABA by responsive astro-
cytes can lead to tonic inhibition of granule cells in the
hippocampus. Surprisingly, inhibiting GABA synthesis
restores animal models’ synaptic plasticity and memory
defects. The incremental elevation of GFAP is a feature
of the astrocyte response in the brain of patients with
Alzheimer’s disease (Dejakaisaya et al. 2021; Chun et al.
2018). Also, the increase in the number of reactive astro-
cytes is often associated with cognitive impairment.
Under normal conditions, reactive astrocytes are among
the most important brain inflammation regulators; how-
ever, they can cause neurotoxicity by producing inflam-
matory cytokines and reactive oxygen species in response
to an inflammation under pathological conditions
(Markiewicz and Lukomska 2006). According to one
study, IL-6, TGEF, IL-1, and interferon all contribute to
the formation of amyloid plaques in Alzheimer’s disease.
However, these cytokines significantly increase amyloid
beta production in astrocytes. (Wilkaniec et al. 2018).

In addition to this, an abnormal energy metabolism has
been found in the reactive astrocytes of Alzheimer’s dis-
ease patients. Beta-amyloid deposition can be decreased
in these astrocytes by inhibiting energy metabolism and
oxidative stress. It, in turn, leads to an improvement in
memory and a delay in the progression of the disease
(Allaman et al. 2010).

Interestingly, brain damage has long been associated
with an increased risk of Alzheimer’s disease. Evidence
suggests that acute brain injury can induce the expression
of amyloid beta and persilinin 1 in reactive astrocytes.
Nonetheless, it is still unclear whether reactive astrocytes
may play a neuroprotective function at different stages of
Alzheimer’s disease, and further research is required in
this regard (Frost and Li 2017).

Astrocytes in Parkinson’s disease

This disorder is characterized by the loss of dopaminergic
neurons, movement disorders, and other non-motor dis-
orders, such as cognitive impairment and sleep disorders.
The underlying molecular mechanisms in Parkinson’s are
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unclear, though some evidence suggests the role of pro-
inflammatory glial responses in the pathogenesis of Par-
kinson’s disease (Kouli et al. 2018).

Animal studies show that intravenous injection of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine ~ (MPTP)
can cause Parkinson’s disease in mice since the monoam-
ine oxidase enzyme converts MPTP to 1-Methyl-4-phe-
nylpyridinium (MPP) in the cytoplasm of astrocytes,
thereby destroying dopaminergic cells (Meredith and
Rademacher 2011).

Moreover, at the onset of Parkinson’s disease,
a-synuclein accumulates in astrocytes, which attracts
phagocytic microglia. Phagocytes attack the neurons of
the brain leading to the clinical symptoms of Parkinson’s
disease (Angelopoulou et al. 2020).

Pathological studies have shown that in the early
stages of Parkinson’s disease, a-synuclein activates astro-
cytes and leads to astrocyte aggregation; thus, increased
number of astrocytes and elevated expression of GFAP
expression are also other findings of the brain tissue of
patients with Parkinson’s disease (Gu et al. 2010).

Interestingly, increased accumulation of a-synuclein is
also observed before the onset of Parkinson’s symptoms,
which is directly related to the expansion of reactive
astrocytes. Note that the accumulation of intracellular
proteins may disturb the ability of astrocytes in homeo-
stasis and regulation of the blood—brain barrier lead-
ing to neuronal damage. These findings indicate that
the interaction between astrocytes and neurons is very
important in the health of dopaminergic neurons (Lieu
et al. 2013; Udovin et al. 2020).

NURRL1 is an orphan ligand-activated transcription
factor that is essential for dopaminergic neuron growth
and maintenance. The receptor NURR1 (Nuclear recep-
tor-related factor 1), one of the major genetic risk factors
for Parkinson’s disease, plays an important role in con-
trolling microglia and astrocyte neurotoxicity and exerts
anti-inflammatory effects in astrocytes. Thus, selective
reduction in this receptor in astrocytes leads to increased
production of neurotoxic factors such as NO and ROS.
Also, a glucagon-like peptide 1 receptor (GLP1R) ago-
nist, which is a powerful neuroprotective agent in neu-
rodegenerative diseases by stopping the microglia-driven
differentiation of C3+neurotoxic astrocytes, prevents
dopaminergic neuron loss and behavioral deficits in pre-
clinical PD mouse models. Indeed, astrocytes contribute
to Parkinson’s disease pathophysiology by controlling
dopaminergic cell mortality via glutamate-mediated exci-
totoxicity, K+buffering, and Ca2+homeostasis. (Hal-
liday and Stevens 2011; Al-Nusaif et al. 2022; Lee et al.
2022).Genetic mutations involved in PD are significantly
expressed by a-Synuclein, Parkin, PINK1, DJ-1 FBXO?7,
and GBA genes in human astrocyte biology, during PD
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pathogenesis, and in addition, EAAT2 gene mutations
and AQP4 cause severe loss of dopaminergic neurons
(Hindeya Gebreyesus and Gebrehiwot Gebremichael
2020).

Astrocytes in multiple sclerosis

Multiple sclerosis (MS) is an autoimmune disease that is
associated with demyelination and axon damage in the
CNS (Bando 2020; Ahadiat et al. 2022a, 2022b). Despite
the variable etiology of MS, a body of evidence suggests
the important role of autoimmunity in the pathogenesis
of this disorder. Studies have shown the increased activ-
ity of astrocytes around inflammatory lesions in patients
suffering from the disease (Perriard et al. 2015). The
researchers found that mice whose activated astrocytes
lack MHC activator were less prone to MS by inhibit-
ing the activity of CD4 T helper cells because CD4 T
helper activity is inhibited. An inflammatory response in
the CNS of MS patients is usually initiated by impaired
BBB permeability and immune cell attacks, leading to
the activation of astrocytes due to proinflammatory
cytokines and pathogen-associated molecular pattern
molecules (PAMPs) (Stiive et al. 2002). Reactive astro-
cytes, the main source of cytokines, such as macrophage
inflammatory proteins (MIP-1a) and IL-22, IL-17A, and
IL-10, do harm by uncontrolled inflammatory reactions
and destroy the blood-brain barrier. IL-10, produced
by regulatory T cells, limits the activity of astrocytes
and reduces neuroinflammation (Blazevski et al. 2013).
Furthermore, GM-CSF (Granulocyte—macrophage col-
ony-stimulating factor) is an important cytokine in the
pathogenic activity of T cells; GM-CSF signaling also
limits the anti-inflammatory functions of astrocytes by
reducing the expression of TRAIL (Tumor necrosis fac-
tor-related apoptosis-inducing ligand) (Lee et al. 2022).
These findings indicate the vital role of this cytokine in
the regulation of the balance of pro-inflammatory and
anti-inflammatory astrocyte subsets in MS and other
neurological disorders (Aharoni et al. 2021).

Astrocytes in amyotrophic lateral sclerosis (ALS)
ALS is an incurable, progressive motor neuron disorder
characterized by the degeneration of motor neurons in
the CNS, which eventually leads to muscle atrophy and
respiratory failure (Cicardi et al. 2021; Ahadiat and Hos-
seinian 2022a, b). Even though the pathology of ALS is
still being studied, existing evidence suggests the accu-
mulation of the superoxide dismutase enzyme in neurons
and astrocytes in this condition (Van Harten et al. 2021).
An experimental animal study showed that transplan-
tation of astrocytes with superoxide dismutase 1 muta-
tion into the spinal cord might lead to the degeneration
of the motor neurons. Research has shown that reactive
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astrocytes are found in susceptible areas, and their recep-
tive response depends on the extent of nerve damage in
these patients, while on the other hand, these astrocytes
are probably involved in the degeneration of motor neu-
rons (Brandebura et al. 2023).

Reactive astrocytes are associated with various abnor-
malities in signaling pathways, including alterations
in the neuronal expression of the Glutamate Receptor
Ionotropic (GluR2) subunit of a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) receptors
(They play an important role in excitatory glutamatergic
neurotransmission), defects in lactate transportation and
activation of the P75 receptor signaling pathway in motor
neurons, decreased expression of Glutamate transporter
(GLT-I), Ca+release, and apoptosis due to metabotropic
glutamate receptor (mGluR)-mediated glutamate signal-
ing (Momeni et al. 2021; Baloh et al. 2022).

One of the most important functions of astrocytes is to
control and reduce the extracellular concentration of glu-
tamate in the synapse, primarily through the glutamate
transporter EAAT2.

According to studies, astrocytes in ALS diseases lose
the ability to control the extracellular concentration
of glutamate in synapses due to the loss of the EAAT2
transporter, as well as their mitochondrial function is
impaired and lactate production and calcium homeo-
stasis in ALS astrocytes are reduced (Rosenblum and
Trotti 2017). Astrocytes as well secrete neurotrophic fac-
tors such as glial-derived neurotrophic factor (GDNF),
brain-derived neurotrophic factor (BDNF), and ciliary
neurotrophic factor (CNTF) (CNF). Increasing their lev-
els at ALS causes more neuroprotection. In a study, the
change of the internal mechanisms controlling the pro-
duction of astrocyte GDNF in the treatment of ALS was
investigated. According to this study, TNFR1 receptor
(TNF receptor superfamily 1) signaling is a major driver
of GDNF synthesis in astrocytes, and TNFa/TNFR1 sign-
aling is required to generate the neurotrophic factor in
the central nervous system. The TNFR1-GDNF pathway
may be a novel therapeutic strategy for ALS, as deletion
of this receptor caused further neuronal damage (Bram-
billa et al. 2016; Yamanaka and Komine 2018).

Astrocytes in Huntington’s disease (HD)

Huntington’s disease is a progressive, lethal neuro-
logical disorder caused by mutations in the HD gene
and CAG repeat. The presence of mutated HD genes
in astrocytes is detrimental to neural health (Petkau
et al.2019a, b). Characteristics of Huntington’s dis-
ease include the accumulation of mHTT (Mutant HTT
protein) in the brain, leading to astrocyte dysfunction
and neurodegeneration through impaired glutamate
uptake, K+homeostasis, Ca2+ signaling, and metabolic



Ahadiat and Hosseinian Bulletin of the National Research Centre (2023)

reprogramming. Interestingly, mutations in the hunting-
tin gene of astrocytes cause age-related neurological dis-
orders (Bezprozvanny and Hayden 2004; Lee et al. 2022).

A single study showed that non-mHTT-expressing
microglia were found to have increased expression and
transcriptional activity of PU1 and CCAT-binding pro-
tein/enhancer compared to mHT T-expressing microglia.
They postulated that this leads to an increase in the tran-
scription of basal pro-inflammatory genes; in turn, the
increased levels of pro-inflammatory cytokines can per-
petuate further inflammation and tissue damage (Fig. 1)
(Palpagama et al.2019).

A recent study demonstrated that mHTT-expressing
microglia show significant elevations in NF-xB when
stimulated with IL-6. As a result, it is suggested that
mHTT may alter immune responses in microglia in a
stimuli-dependent manner (Erta et al. 2012).

A recent study has questioned the extent to which
these microglial changes affect HD pathology. This
study showed that mHTT depletion in microglia did
not significantly improve behavioral performance. In
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contrast, mHTT depletion in all other cells except micro-
glia resulted in behavioral recovery. Nevertheless, even
though mHTT-induced changes in microglia may not
be sufficient to induce the HD phenotype, they may con-
tribute to the pathology and other brain changes (Petkau
et al. 2019a, b).

Simultaneous changes caused by the huntingtin gene
in neurons and astrocytes also cause more severe neu-
rological symptoms and premature death. There is also
evidence pointing to the role of the astrocyte junction
in HD, as an increase in connexin expression has been
observed in the brains of patients with HD (Sénchez et al.
2020).

Similar to other neurological disorders, astrocytic
inflammatory signaling pathways can be involved in the
pathogenesis of HD. HD symptoms are associated with
defects in ascorbic acid transport between astrocytes and
neurons in clinical models. Ascorbic acid, for example,
is a key antioxidant molecule in the brain that is highly
concentrated in the brain, and extracellular ascorbic
acid concentrations vary according to brain activity. In
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Fig. 1 The contribution of microglia and astrocytes in Huntington's disease (HD). Various stimulatory molecules stimulate surveillance
microglias to proliferate through NFkB signaling, which promotes the upregulation of PU1 (as a transcription factor that regulates hematopoiesis
and macrophage differentiation) and CCAT binding. Several molecular processes can cause the death of neurons when activated microglia

and reactive astrocytes produce reactive oxygen species (ROS) and neurotoxic molecules (such as quinolinic acid). Note that stimulatory

molecules induce reactive astrogliosis, which results in the upregulation of
and hyperexcitability of neurons. Image created in BioRender.com

pro-inflammatory cytokine production, glutamate excitotoxicity,
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nerve cells, ascorbic acid can inhibit glucose consump-
tion. As a result, the concentration of pyruvate and pro-
tons decreases, which is associated with an increase in
the (nicotinamide adenine dinucleotide (NAD)+ hydro-
gen (NAD+ / NADH ratio), and Lactate dehydrogenase
(LDH-1) can catalyze lactate oxidation. In fact, ascorbic
acid stimulates lactate uptake in cortical neurons.

Glutamate can cause ascorbic acid efflux from astro-
cytes and neurons that express SVCT2. When neuronal
ascorbic acid uptake via SVCT2 is impaired resulting in
neurometabolic failure and neurodegeneration in HD.
When extracellular ascorbic acid concentrations increase
in experiments using immortalized striatal neurons
expressing STHAhQ cells (represent a widely used cell
culture model for studying cellular and molecular aspects
of HD), SVCT?2 fails to translocate to the plasma mem-
brane, resulting in impaired ascorbic acid uptake in HD
neurons.

As a result, modulating neuronal metabolism is inde-
pendent of this molecule’s antioxidant properties, and
changes in ascorbic acid concentrations in these tissues
can cause metabolic changes in the cells of various tis-
sues (Acuna et al. 2015; Salazar et al.2021).

Furthermore, cannabinoid receptors on the surface of
astrocytes play a role in modulating inflammation associ-
ated with HD by increasing signaling of this receptor by
decreasing TNF-alpha, thereby alleviating inflammation
in HD (Kim et al. 2022).

Astrocytes in oxidative stress

In recent years, as research has progressed, cumulative
evidence has emerged demonstrating the critical role
of astrocytes in the regulation of oxidative stress levels
in the CNS (Ongnok et al.2021; Ahadiat et al. 2022a,
2022b). The antioxidant response in astrocytes protects
the CNS from oxidative stress damage through scaveng-
ing free radicals produced by neurons and other CNS
cells (Ahadiat and Hosseinian 2022a, b; Shandilya et al.
2022; Ahadiat and Hosseinian 2023). On the other hand,
astrocytes can act as one of the main sources of reac-
tive oxygen species (ROS) and reactive nitrogen species
(RNS) under certain pathological conditions, and these
excess free radicals can promote microglia activation or
directly damage the neural tissue (Lee et al. 2021). Glu-
tamate neurotransmitter is one of the major excitatory
neurotransmitters in the CNS, released primarily by
excitatory neurons that deliver excitatory signals. How-
ever, excess glutamate in synaptic clefts can contribute
to calcium overload by overactivation of N-methyl-D-
aspartate (NMDA) receptors or AMPA receptors,
or kainic acid (KA) receptors, which produce large
amounts of ROS (Parsons et al.2007; Di Meo 2016; Peng
et al.2019).
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The Nrf2keaplARE pathway is an important endog-
enous antioxidant system in the CNS. Some researchers
found that endogenous H202, produced in the astrocytes
under certain conditions, can be neuroprotective against
oxidative stress by activating the Nrf2 protein, which in
turn stimulates the antioxidant stress response (Wang
et al. 2022) (Fig. 2).

Abundant evidence suggests that astrocytes have a
greater capacity to produce and store GSH than neu-
rons, and they optimally protect neurons from oxidative
damage by producing GSH (boosting Sxc expression) in
the pericellular environment. Considering the increased
GSH synthesis in astrocytes, some antioxidants such as
Mirapexin, N-acetylcysteine, and Zonegran are useful
in treating CNS degenerative diseases (Asanuma and
Miyazaki 2021; Chen et al. 2020).

It has been reported that the pathogenesis of various
neurological disorders, including stroke, trauma, infec-
tion, and neurodegenerative diseases, is intimately linked
to redox homeostasis in astrocytes. Similarly, reactive
astrogliosis can develop due to excess free radicals in the
CNS, leading to inflammation and the formation of glial
scar tissue (Ranjit et al. 2018). The cumulative evidence
suggesting that astrocytes can modulate oxidative stress
to some degree might be useful in future therapies for
oxidative stress-related neurodegenerative diseases.

Astrocytes in neuroinflammation

Neuroinflammation is the brain’s response to infection,
disease, and destructive injury. Two groups of immune
cells are involved in neuroinflammatory responses; the
first group includes lymphocytes, monocytes, and mac-
rophages in the immune system, and the second group
includes microglia and astrocytes in the CNS (Lee et al.
2012). Mature astrocytes are activated during neuro-
inflammation-induced damage to the CNS. Astrocyte
activity is believed to be vital to stabilize and continuing
immune responses, rebuilding the blood—brain barrier,
and reducing neuronal death.

Initially, neuroinflammation is accompanied by astro-
cytic hypertrophy, followed by the formation of two
types of reactive astrocytes, known as Al and A2. The Al
astrocytes induced by neuroinflammation release neuro-
toxins that cause rapid death of neurons and oligoden-
drocytes. On the other hand, the ischemia-induced A2
astrocytes promote neuronal survival and tissue regen-
eration. Following nervous system damage, activation
of Toll-like receptors (TLR2-TLR4 and TLR3) receptors
on astrocytes leads to the secretion of pro-inflammatory
cytokines. (Carson et al. 2006; Ransohoff et al. 2015; Gio-
vannon and Quintana 2020) The Al reactive astrocytes
can produce large amounts of pro-inflammatory fac-
tors and neurotoxins, which can lead to neuronal death.
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Fig. 2 In a situation with high levels of reactive oxygen species (ROS), the transcription factor Nrf2 is released from binding to the protein Keap1,
transported to the nucleus, and then binds to ARE gene sequences which allow for the activation of antioxidant genes such as HO-1 and NQO1.

Image created in BioRender.com.

Activated A2 astrocytes regulate anti-inflammatory fac-
tors and many neurotrophic factors that promote neu-
ron survival and growth (Fig. 3; Table 1) (Li et al. 2019a,
2019b, 2021).

Evidence suggests that Al-neuroinflammatory astro-
cytes are stimulated by NFk-B signaling, while A2-pro-
liferative astrocytes are stimulated by STAT3-mediated
signaling, with TNF-alpha and IL-1 converting quiescent
astrocytes to type A2 (Khodadadei et al. 2022). TNF-
alfa and IL-1 can modulate the glial scaring process in
the brain by stimulating IL-6 secretion from astrocytes;
they can also modulate scar formation by activating the
STAT3 signaling pathway in A2-reactive astrocytes In
other words, tumor necrosis factor-alpha (TNF) and IL-6
induces an inflammatory response in astrocytes via acti-
vated STATS3 signaling. Therefore, the modulation of IL-6
in inflammation may play an important role in disease
management (Tanabe et al. 2010; Matsumoto et al. 2018).

In neurodegenerative diseases, the accumulating pro-
teins can activate receptors for advanced glycation end

products (RAGE2) receptors; this stimulation produces
various pro-inflammatory factors in astrocytes (Derk
et al. 2018). Cytokines altering the astrocyte biology and
anti-inflammatory behavior, including IL-17, IL-10, IL-6,
IL-1, and -INF, are expressed by T lymphocytes, such as
Treg, Th17, Thl, and TRL, as well as monocytes, mac-
rophages, and resident microglia.

The secreted chemokines into the blood by astrocytes
disrupt the blood-brain barrier and attract different
groups of immune cells to the inflammation site; in addi-
tion to chemokines, expression of the nitric oxide syn-
thase enzyme is increased during inflammation leading
to NO production in the astrocytes. The produced NO
can also induce inflammation in the CNS by inhibiting
Stromal cell-derived factor 1 (CXCL12-Protein Coding
gene) (Rothhammer and Quintana 2015).

Some studies have pointed to the opposing roles of
astrocytes in inflammation. At the onset of injury, glio-
sis limits neuronal damage and inflammation. On the
other hand, some studies have also shown that reducing
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Fig. 3 Changes in morphology and function of astrocytes after neuroinflammation. A section: Based on the phenotypic changes of astrocytes,
astrocytes are converted into reactive astrocytes, and their function is changed. Functional changes: (1) Atrophy with loss of function; (2)
Pathological reconstruction; and (3) Reactive astrogliosis. B, E section: Activated astrocytes can be classified as A1 and A2 astrocytes. Astrocyte
phenotypic differentiation may result in either a pro-inflammatory phenotype (A1) contributing to inflammation and neuronal death

or an anti-inflammatory phenotype (A2) promoting neuronal survival and functional recovery. C, D section: These stimuli will likely promote
divergent microglia phenotypes, such as the pro-inflammatory phenotype M1, which can have neurotoxic effects. M1 microglia secrete several
pro-inflammatory cytokines such as IL-14, IL-6, IFN-y, TNF-a, complement proteins, inducible nitric oxide synthase (iNOS), and reactive oxygen
species (ROS). Anti-inflammatory M2 Microglia is believed to be neuroprotective in nature. They secrete several cytokines and growth factors, such

as IL-10, TGF-@3, brain-derived neurotrophic factor (BDNF), and arginase-1

astrocytes in the chronic stage of MS disease has ame-
liorating effects by reducing leukocyte infiltration in
the neural tissue (Brambilla 2019). Other studies have
shown that astrocytes derived from induced pluripo-
tent stem cells reduced the extent of inflammation and
damage in epilepsy (Sajadian et al. 2014; Alayli et al.
2023).

Hence, astrogliosis is regulated in specific and time-
dependent ways; the stimuli convert beneficial astro-
cytes to harmful astrocytes during neuroinflammation
(Pamies et al. 2021).

The destruction of structural proteins also directly
affects glial inflammatory signaling. Therefore, in devel-
oping treatment methods for inflammatory neurode-
generative diseases, the identification and selective

(Arg-1). Image created in BioRender.com.

targeting of astrocyte functions should be considered
(Valori et al. 2021; Mohamed et al. 2023).

Thus, it is clear that astrocytes are somehow regulators
of tissue inflammation since they can increase or reduce
nerve damage, demyelination, and inflammation depend-
ing on the nature of the stimuli present in the inflamma-
tory environment (Nair et al. 2008).

Conclusions
A review of the studies showed that the activity of astro-
cytes could have favorable or unfavorable effects through
various mechanisms.

Astrocytes play an important role in normal CNS func-
tion. They play a role in potassium ion buffering, gluta-
mate clearance, the brain’s antioxidant defenses, and the
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Table 1 Microglia and astrocytes have links with the proposed

signals
Activation Release
Microglia  Neuroprotective phenotype
StTAT3-STAT6 IL-4, 1L-13,1L-10, and TGF-
Pro-inflammatory phenotype
NFkB and STAT1-IFN y and LPS  IL-18, IL-12, IL-23, SOC3,
CXClLs, CCLs, NO, TNF-q,
and IL-6
Astrocytes  Neuroprotective phenotype

STAT3
Pro-inflammatory phenotype
IL-18, IFN-y, LPS, TNF-a, and IL-6

IL-13, IL-10, TGF-B-IL-4

Il-1a, C1g, GM-CSF, CXCLs,
CCLS, TNF-q, IL-6, and NO

IFNs and LPS collaborate to activate pro-inflammatory microglia, which
subsequently release IL-1, IL-12, IL-23, SOC3, CXCLs, CCLs, NO, TNF-, and IL-6. This
process is initiated by the activation by the NFkB and STAT1

Through the activation of STAT3 and STAT6, the production of neuroprotective
microglia is stimulated by IL-4, IL-13, and IL-10, as well as by TGF

The pro-inflammatory astrocytes are affected by IL-1, IFN-, LPS, TNF-, and IL-6,
and they produce IL-1, C1q, GM-CSF, CXCLs, CCLS, TNF-, IL-6, and NO

The activation of neuroprotective astrocytes by STAT3, which results in the
subsequent release of IL-13, IL-10, TGF-, and IL-4

modulation of neuronal excitability. In several pathologi-
cal conditions, such as AD, PD, ALS, and ME, astrocytes
play an active role in both the exacerbation of dam-
age and the neuroprotective mechanisms. The balance
between proinflammatory and neuroprotective glial cells
may be critical in the progression of neurodegenerative
diseases. Considering the complexity of microglia and
astrocyte phenotypes and the different types of action of
drugs and stages of neurodegenerative diseases (proin-
flammatory to neuroprotective) and with all the studies
mentioned above, how to regulate the function of active
astrocytes and their development to obtain their effective
properties may become an important point in increasing
further understanding in the treatment of neurological
diseases.

Some strategies that target astrocytes can be intrath-
ecal poly(lactic-co-glycolic acid) nanoparticles and
Miglustat (Zavesca) and Venglustat (Ibiglustat) may be
a useful tool to modulate astrocytic responses (Wang
et al. 2008). Another metabolism-based approach to
modulate astrocytic responses could be to target mito-
chondrial dysfunction. For example, in HD, low brain
glucose levels induce metabolic reprogramming of
striatal astrocytes, increasing ROS production and
neurotoxicity. XJB-5-131, a mitochondria-targeted
antioxidant, limits astrocyte-mediated ROS-induced
neuronal damage (Polyzos et al. 2016). Glutamate
transporters EAAT1 and EAAT?2, which are expressed
by glial cells (mainly astrocytes), are important for
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neuronal survival and function in AD, HD, and PD. For
example, treatment with the antibiotic ceftriaxone can
increase EAAT2 expression in astrocytes and in the
result identifies EAAT2 as a promising drug target for
various neurodegenerative disorders (Rothstein et al.
2005).
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