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Astrocytes: a double-edged sword in neurodegenerative 
diseases
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Abstract  
Astrocytes play multifaceted and vital roles in maintaining neurophysiological function 
of the central nervous system by regulating homeostasis, increasing synaptic plasticity, 
and sustaining neuroprotective effects. Astrocytes become activated as a result of 
inflammatory responses during the progression of pathological changes associated with 
neurodegenerative disorders. Reactive astrocytes (neurotoxic A1 and neuroprotective 
A2) are triggered during disease progression and pathogenesis due to neuroinflammation 
and ischemia. However, only a limited body of literature describes morphological and 
functional changes of astrocytes during the progression of neurodegenerative diseases. 
The present review investigated the detrimental and beneficial roles of astrocytes in 
neurodegenerative diseases reported in recent studies, as these cells have promising 
therapeutic potential and offer new approaches for treatment of neurodegenerative 
diseases. 
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Introduction 
Astrocytes constitute 20–40% of the total number of cells in 
the mammalian brain (Khakh and Sofroniew, 2015; Liddelow 
and Barres, 2017a). Astrocytes have been described as passive 
support cells of neurons for more than 30 years. Recently, 
astrocytes have been implicated in various physiological 
functions, such as secretion of trophic molecules, modulation 
of the brain microenvironment, maintenance of blood-brain 
barrier (BBB) integrity, and normal function of synapses 
(Farhy-Tselnicker et al., 2018; Qian et al., 2018; Verkhratsky 
and Nedergaard, 2018; Walker et al., 2020). In addition, 
Stadelmann et al. (2019) reported astrocytic glycogen 
utilization in the presence of high neuronal activity, and 
Guillamon-Vivancos et al. (2015) reviewed roles of astrocytes 
in the regulation of blood flow, lipoprotein secretion, and 
neurogenesis. Universal involvement of reactive astrocytes in 
neurodegenerative diseases has been described. Astrocytes 
exhibit wide and varied spectra of reactivity, heterogeneous 
morphology, and molecular expression (Escartin et al., 
2019). Astrocyte reactivity is triggered by chemicals, toxins, 
oxidative stress, or pathogens (Jensen et al., 2013; Angelova 
and Abramov, 2016). Moreover, astrocytes change their 
morphology in response to different pathological conditions, 
such as epilepsy, mechanical lesions of the cerebrospinal 
parenchyma, and tumors (Henneberger et al., 2017; Okada 

et al., 2018; Cheng et al., 2019; Campbell et al., 2020). 
Numerous molecular triggers can activate astrocytes, 
such as transforming growth factor β1 (TGF-β1), leukemia 
inhibitory factor (LIF), and ciliary neurotrophic factor (Tang 
et al., 2017; Ongali et al., 2018; Wang et al., 2020). After 
stimulation, astrocytes secrete pro-inflammatory molecules 
such as reactive oxygen species (ROS), interleukin-6 (IL-6), 
interleukin-1β (IL-1β), and tumor necrosis factor α (TNF-α); 
or release protective factors such as vascular endothelial 
growth factor (VEGF), brain-derived neurotrophic factor 
(BDNF), and nerve growth factor (Ludwin et al., 2016; Rizor et 
al., 2019). Consequently, reactive astrocytes elicit the release 
of chemokines such as β-chemokine 2 (CCL2), β-chemokine 
20 (CCL20), α-chemokine 10 (CXCL10), and α-chemokine 
12 (CXCL12) (Correale et al., 2015), as well as cell adhesion 
molecules including vascular cell adhesion molecule 1, neural 
cell adhesion molecule 1, and intercellular adhesion molecule 
1 (Liddelow and Hoyer, 2016). Moreover, reactive astrocytes 
can secrete vasoactive molecules including VEGF and heparin-
binding epidermal growth factor (HB-EGF) (Liu et al., 2018; 
Kushwaha et al., 2019). Therefore, it has been speculated 
that reactive astrocytes may have distinct polarization in 
neurodegenerative diseases (Liddelow and Barres, 2017a; 
Cragnolini et al., 2020). Roles of activated astrocytes in 
neurodegenerative diseases are illustrated in Figure 1.
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Increasing evidence describes the dual role of reactive 
astrocytes in pathophysiological mechanisms underlying 
neurodegenerative diseases (Oksanen et  a l . ,  2019; 
Cragnolini et al., 2020). However, strategies to evaluate this 
potential remain scarce. In the present review, we address 
morphological differentiation and astrocytic phenotypes, 
and summarize the association of various receptors and 
molecular signaling pathways of polarized astrocytes. We 
further elaborate the biphasic roles of activated astrocytes in 
several neurodegenerative disorders and analyze pathways for 
potential therapeutic targets in future studies.

Search Strategy and Selection Criteria
We searched PubMed to retrieve publications with the 
search terms “astrocytes, neurodegenerative diseases, 
neuroinflammation, A1s, A2s, neurotoxicity, neuroprotection, 
polarization, reactivity, neuron” and then downloaded and 
concluded all relative publications in this database. 

Switching of Astrocytes from Resting (A0) to 
Activated Forms (A1 and A2)
Astrocytic polarization has been well elucidated by several 
studies, as have roles of transcription factors in modulating 
astrocyte activity in animal models and in vitro models of 
neurodegenerative diseases. Reactive astrocytes exhibit 
detrimental or beneficial effects, depending on their reactivity. 
In lipopolysaccharide-induced and middle cerebral artery 
occlusion mouse models of infection and stroke, respectively, 
resting (A0) astrocytes are converted into reactive forms by 
upregulation or downregulation of certain genes (Zamanian 
et al., 2012). Based on gene expression profiles, reactive 
astrocytes exist in two forms: A1 (neurotoxic) and A2 
(neuroprotective) (Liddelow and Barres, 2017a). 

A1 astrocytes  are  c lass ica l ly  induced by  act ivated 
neuroinflammatory microglia. Studies have reported that 
reactive microglia secrete component 1 subcomponent q 
(C1q), TNF-α, and IL-1α, facilitating the shift of astrocytes 
toward an A1 phenotype (Liddelow et al., 2017b). A1 
astrocytes are highly upregulated by several classical 
complement cascade genes, resulting in neurotoxicity through 
secretion of well-characterized neurotoxins (Liddelow and 
Barres, 2017a). Moreover, A1 astrocytes can cause loss of 
synaptogenesis, induction of oligodendrocytes, and neuronal 
death (Liddelow and Barres, 2017a). 

A2 astrocytes are considered a neuroprotective astrocytic 
phenotype following induction by microglia after traumatic 
brain injury (Shinozaki et al., 2017). Su et al. (2019) described 
modulation of A2 astrocytes in an acute ischemic spinal 
cord injury model by silencing of miR-21. Nuclear factor 
IA (NFIA), a molecular switch that induces human glial 
competency, causes astrocytes to switch their function 
towards neuroprotection (A2) in engrafted adult mouse brain 
(Tchieu et al., 2019). Consequently, A2 astrocytes upregulate 
several neuroprotective factors that promote synaptic repair, 
growth, and survival of neurons (Hodgetts and Harvey, 2017; 
Tome et al., 2017; Lam et al., 2019); in contrast, A1 astrocytes 
upregulate inflammatory markers (ROS, IL-1β, TNF-α) (Lee 
et al., 2019). Protective mediators are upregulated in A2 
astrocytes, including protein prokineticin-2 (PK2), chitin-
like 3, Frizzled class receptor 1 (Liddelow and Barres, 
2017a), arginase 1, NF-E2-related factor 2 (Nrf2), pentraxin 
3, sphingosine kinase 1, and transmembrane 4 L6 family 
member 1 (Neal et al., 2018). Therefore, we delineated other 
mediators that are upregulated or downregulated in these 
two types of reactive astrocytes (Figure 2). 

Currently, we have described reactive astrocytes into two 
states of polarization and their characteristics. However, it has 
also been postulated that reactive astrocytes exist in several 
forms, as activated by varied factors and up/downregulation 
of other genes in response to disease. Further research 
is required to confirm and strengthen the hypothesis of 
astrocyte switching. 

Signaling Pathways for Astrocyte Reactivity: 
A1/A2 Phenotypes and Their Roles in 
Neurodegenerative Diseases
Activation of intracellular signaling pathways polarizes 
astrocytes into an A1 or A2 phenotype during pathological 
changes after central nervous system (CNS) injury (Liddelow 
and Barres, 2017a). Astrocyte reactivity is primarily 
controlled by nuclear factor kappa-B (NF-κB), Toll-like 
receptor (TLRs), mitogen-activated protein kinase (MAPK), 
sphingosine 1-phosphate receptor (S1PR), Janus kinase/signal 
transducer and activator of transcription 3 (JAK/STAT3), and 
phosphatidylinositol-3-kinases/protein kinase B (PI3K/AKT) 
pathways. However, mechanisms determining the fate of 
astrocytic switching are still poorly understood. Therefore, it 
is imperative to delineate the neurotoxic and neuroprotective 

Figure 1 ｜ Reactive astrocytes in 
neurodegenerative diseases. 
Astrocytes can be activated by multiple stimuli, 
particularly cytokines secreted by different cell 
types in the brain. In turn, activated astrocytes 
play a positive or negative role in multiple 
ways. (1) The blood-brain barrier (BBB) 
established by the end-feet of astrocytes, 
capillary endothelial cells, and basement 
membrane maintains homeostasis of the 
central nervous system. (2) Reactive astrocytes 
lose end-feet surrounding capillaries, resulting 
in damage to the BBB. Meanwhile, reactive 
astrocytes enhance the release of oxidants, 
cytokines, chemokines, and cell adhesion 
molecules, which can directly or indirectly 
damage oligodendrocyte precursor cells, 
oligodendrocytes, and neurons. (3) Vasoactive 
factors secreted by activated astrocytes 
affect normal endothelial cells by regulating 
junction-related proteins, which preserves 
the integrity of the BBB. Moreover, reactive 
astrocytes can promote remyelination and 
neuronal regeneration by secreting several 
growth factors. 
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effects of astrocytic signaling pathways in neurodegenerative 
diseases.

T h e  N F - κ B  s i g n a l i n g  p a t h w ay  i s  a s s o c i a t e d  w i t h 
neuroinflammatory responses of astrocytes, leading to their 
activation during the progression of neurodegenerative 
diseases. In addition, NF-κB signaling controls the production 
of inflammatory cytokines, chemokines, cell adhesion 
molecules, inducible nitric oxide synthase (iNOS), and ROS, 
and plays crucial roles in leukocyte infiltration, neuronal 
death, and demyelination (Colombo and Farina, 2016; Li et 
al., 2018b). The NF-κB pathway was activated in glial fibrillary 
acidic protein (GFAP)-positive astrocytes in an animal model 
of Alzheimer’s disease (AD) induced by amyloid β1–42 
(Aβ1–42) oligomers, consequently modulating the expression 
of downstream genes IL-1β and cyclooxygenase 2 (Carrero 
et al., 2012). Patients with amyotrophic lateral sclerosis (ALS) 
showed a similar trend of increased NF-κB activity in spinal 
cord astrocytes (Ouali Alami et al., 2018). Dominant-negative 
inhibitor of κBα (DN-IκBα), which is driven by the GFAP 
promoter, inhibits cytokine expression, protects neurons, and 
promotes functional recovery after spinal cord or optic nerve 
injury (Dresselhaus and Meffert, 2019). Conversely, activation 
of the NF-κB pathway in A1 astrocytes may exert harmful 
effects and contribute to the pathophysiological progression 
of neurodegenerative diseases in mouse models. Activation 
of TLR ligands in astrocytes also promotes inflammatory 
responses in the CNS (Azam et al., 2019). For example, TLR4 
expression increases astrocytic sensitivity to ligands and 
facilitates conversion of astrocytes to an A1 phenotype, as 
demonstrated in both a rat model of cerebral ischemia and 
primary astroglia cell cultures (Leitner et al., 2019).

The S1PR signal ing pathway in astrocytes enhances 
astrogliosis, inflammation, and nitric oxide production, 
and damages the BBB (Healy and Antel, 2016; Dusaban 
et al., 2017; Rothhammer et al., 2017). S1PR expression 
was extensively upregulated in activated astrocytes of 
mouse models of AD (McManus et al., 2017) and multiple 
sclerosis (MS) (Van Doorn et al., 2010). Notably, S1PR1 
deletion in astrocytes improved disease severity in a myelin 
oligodendrocyte glycoprotein (MOG35–55)-induced mouse 
model of MS, suggesting its therapeutic potential to enhance 
neuroprotection and CNS repair (Healy and Antel, 2016). 
Unfortunately, the mechanism underlying this effect has not 
been elucidated. 

The MAPK pathway is also activated in astrocytes during 
neurodegenerative disease, whereby it orchestrates 
production of inflammatory cytokines and extracellular matrix 
proteins, and upregulates iNOS expression (Perez-Nievas 
and Serrano-Pozo, 2018). Active forms of c-jun N-terminal 
kinase (JNK), extracellular signal-regulated kinase (ERK), 

and P38 mitogen-activated protein kinase (p38 MAPK) are 
reportedly expressed in activated astrocytes of mouse models 
and patients with ALS. Similarly, activation of p38 MAPK and 
JNK in reactive astrocytes is commonly observed in the CNS 
of patients with multifarious tauopathies (Ben Haim et al., 
2015). In the brains of patients with AD, phosphorylated 
p38 MAPK expression in astrocytes was increased around 
amyloid plaques (Hensley et al., 1999). Notably, blockade of 
the p38 MAPK pathway elicited anti-inflammatory effects in 
TNF-α/IL-1α-induced astrocytes (Da Silva et al., 1997). More 
recently, a postmortem pathological study demonstrated that 
these pathways are activated in reactive astrocytes during 
the early stage of AD (Perez-Nievas and Serrano-Pozo, 2018). 
Therefore, blockade of MAPK signaling in astrocytes may 
be a new avenue of research to alleviate the progression of 
neurodegenerative diseases.

Upregulation of certain signaling pathways in A2 astrocytes 
is beneficial for neurodegenerative diseases. The JAK/STAT3 
pathway regulates astrocytic functions such as reduction of 
leukocyte infiltration, preservation of myelin preservation, 
secretion of anti-inflammatory cytokines, formation of glial 
scars, and promotion of neuronal survival (Colombo and 
Farina, 2016). In addition, Liddelow and Barres (2017a) 
suggested that the JAK/STAT3 pathway mediates astrocytes 
activation. Use of a GFAP or nestin promoter to ablate STAT3 
in astrocytes reduced their migration and hypertrophy, 
leading to widespread infiltration of pro-inflammatory cells 
(Okada et al., 2006). In mouse models of spinal cord injury, 
nestin promoter-driven ablation of suppressors of cytokine 
signaling 3 (SOCS3) inhibited STAT3 signaling, enhanced lesion 
contraction, increased astrocytic migration, and restored 
physiological function (Okada et al., 2006). 

PI3K/AKT pathway activation occurs in response to a variety of 
extracellular signals (Jia et al., 2017), and regulates the balance 
of inflammatory molecules to protect the CNS (Schabbauer 
et al., 2004; Zhao et al., 2015). AKT2, one isoform of the AKT 
family, is primarily expressed in astrocytes (Levenga et al., 
2017). Activation of AKT regulates cellular functions such 
as survival, metabolism, skeletal organization, proliferation, 
and glucose and vesicular transport (Gabbouj et al., 2019). 
Recently, milk fat globule epidermal growth factor 8 was 
found to regulate A1/A2 polarization, leading to promotion of 
neuronal and synaptic growth (resulting in increased survival 
of neurons) through upregulation of the PI3K/AKT pathway (Xu 
et al., 2018). Interestingly, enhancement of PI3K/AKT signaling 
in astrocytes could ameliorate deficits in cognitive function of 
mouse models and patients with AD (Gabbouj et al., 2019). 
However, the specific mechanism of this signaling pathway 
has not been well defined.

Taking these important findings as a whole, we outlined 

Figure 2 ｜ Detrimental and beneficial effects 
of reactive astrocytes induced by various 
mediators or up/downregulated genes. 
Resting (A0) astrocytes are stimulated to 
convert into reactive functional phenotypes 
(A1 and A2). C1q, IL-1α, and TNF-α secreted by 
pro-inflammatory microglia transform A0 into 
A1 astrocytes, which is accompanied by up/
downregulation of numerous genes leading to 
neurodegeneration. In contrast, A2 astrocytes 
are induced from A0 astrocytes by IL-1β, IL-
6, NFIA, and silencing of miR-21, potentially 
leading to neuroprotective effects by up/
downregulation of genes in neurodegenerative 
disorders. C1q: Component 1 subcomponent 
q; IL-1α: interleukin-1α; IL-1β: interleukin-
1β; IL-6: interleukin-6; NFIA: nuclear factor IA; 
TNF-α: tumor necrosis factor α.  

Review



NEURAL REGENERATION RESEARCH｜Vol 16｜No. 9｜September 2021｜1705

the complex intracellular signaling pathways for astrocytic 
transformation (A1/A2) and the roles of these two phenotypes 
in neurodegenerative diseases (Figure 3). In addition, 
signaling pathways important for the functional roles of each 
reactive astrocyte phenotype are illustrated, as they provide 
novel directions for further studies to prevent and treat 
neurodegenerative diseases.

Roles of Reactive (A1/A2) Astrocytes in 
Neurodegenerative Diseases 
Astrocytes are known to alter neurotransmitter synthesis, 
ultimately modulating their release from glia (Wu et al., 2014; 
Trujillo-Estrada et al., 2019). Further, the release fates of 
metabolites (Morita et al., 2019), cytokines, chemokines, and 
neurotrophic factors (Chou et al., 2008; Li et al., 2019; Yin et 
al., 2020) are controlled by activated astrocytes. In addition, 
reactive astrocytes can enhance the process of phagocytosis 
(Gomez-Arboledas et al., 2018), and production or clearance 
of ROS in disease models (Ye et al., 2015). Indeed, these 
cellular functions can be strengthened or weakened by 
astrocyte activation. 

Astrocytes in AD
The role of astrocytes in AD pathogenesis was first reported 
decades ago in clinical and animal studies. Astrocytes 
influence cognitive function by regulating the expression of 
genes encoding extracellular matrix proteins that surround 
neurons (Dallérac and Rouach, 2016). Astrocytes acquire 
toxic properties and lose their neuroprotective characteristics 

during the progression of AD (Acosta et al . ,  2017). 
Neuroinflammatory molecules trigger the accumulation of 
amyloid beta (Aβ) and phosphorylated tau neurofibrillary 
tangles (Gao et al., 2019). Deposition of Aβ plaque prompts 
A1 astrocytes to produce more inflammatory mediators, 
including chemokines, pro-inflammatory cytokines, and ROS, 
resulting in neuronal damage (Cai et al., 2017). These pro-
inflammatory signals provide feedback to astrocytes that 
accelerates their activation. This vicious cycle provides a 
chronic inflammatory environment for astrocytes, leading to 
the pathogenesis and progression of AD.

Reactive astrocytes exert biphasic effects (detrimental or 
beneficial) in AD (Zhao et al., 2020). A1 astrocytes surround 
amyloid plaques and secrete pro-inflammatory cytokines 
(TNF-α, IL-1 and IL-6), leading to AD pathogenesis and 
progression (Kaur et al., 2019). In addition, A1 astrocytes 
were activated by ApoE4 in a tauopathy mouse model (Shi 
et al., 2017b). Activated astrocytes engulf plaque-associated 
dystrophic neurites and Aβ in vitro and in vivo, indicating 
their protective role in the attenuation of neurodegenerative 
processes associated with AD (Liu et al., 2016; Gomez-
Arboledas et al., 2018). 

Excitotoxicity and neurodegeneration resulting from 
extracellular glutamate are reduced by synthesis of glutamine 
and glutamate transporters in reactive astrocytes (Shi et 
al., 2017a; Mahmoud et al., 2019). Mitigation of astrocyte 
reactivity by depletion of two intermediate filament proteins, 
vimentin and GFAP, resulted in the proliferation of plaque-
associated malnutritional neurites, consequently reducing 

Figure 3 ｜ Intracellular signaling pathways for astrocytic transformation (A1/A2) and roles in neurodegenerative disease. 
Dysfunctional cells (reactive microglia and neurons) secrete molecules recognized by specific receptors in the astrocytic cytomembrane. These extracellular 
signals activate intracellular signaling pathways including NF-κB, MAPK, S1PR, JAK/STAT3, and PI3K/AKT. (1) The NF-κB pathway is triggered by inflammatory 
mediators. Receptor-bound protein kinases activate the IKK complex, resulting in phosphorylation of IκBα, the stable inhibitor of NF-κB. p50 and p65, two 
subunits of NF-κB, translocate to the nucleus and activate transcription of A1-related genes. DN-IκBα inhibits p50 and p65. (2) The MAPK pathway is partly 
initiated by cytokines and growth factors, which initiate a cascade amplification of phosphorylation. After triggering, JNK, p38, and ERK1/2 upregulate gene 
transcription of A1 astrocytes by initiating a large number of transcription factors (TF). (3) The S1PR pathway is activated by extracellular sphingosine-1-
phosphate (S1P). S1PR binds to heterotrimeric G-proteins (GPs), such as Gi, Gq and G12/13, which in turn affect downstream proteins such as phospholipase 
adenylate cyclase (AC), Ras homolog (Rho), Ras-related C3 botulinum toxin substrate (Rac), which translocate to the nucleus to activate expression of A1-
related genes. (4) The JAK/STAT3 pathway is triggered by cytokines. Upon cytokine coupling, JAK kinase is initiated and STAT3 is gathered to gp130 (intracellular 
receptor). Consequently, STAT3 is phosphorylated and translocates to the nucleus, whereby it upregulates gene transcription of A2-related genes. STAT3 also 
promotes SOCS3 expression, which inhibits the JAK/STAT3 pathway. (5) The PI3K/AKT pathway is activated by binding of insulin to insulin receptor (IR), which 
activates phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K). AKT is activated upon its interaction with phosphoinositide dependent protein kinase 1 (PDK1), 
which is indirectly phosphorylated by PI3K. Subsequently, AKT modulates transcription factors, such as glycogen synthase kinase 3 (GSK3β), forkhead box (FOX), 
and mechanistic target for rapamycin (mTOR), which are associated with several functions of A2 astrocytes.
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activated astrocytes in double-transgenic AD mice (Kraft et al., 
2013). Glial cell derived neurotrophic factor (GDNF) secreted 
from astrocytes can protect neuronal function and cognitive 
performance in 3xTg-AD mice and MC65 cells (Revilla et al., 
2014). 

Astrocytes induced by Aβ deposition increased the release of 
ROS and exhibited harmful effects on cortical neurons (Allaman 
et al., 2010). However, antioxidants, such as glutathione (GSH) 
generated by reactive astrocytes, can protect neurons from 
toxic substances (McGann and Mandel, 2018). A0 astrocytes 
maintain a balance between ROS production and antioxidant 
generation under physiological conditions. Reactive astrocytes 
exert neuroprotective functions when expressing low levels 
of ROS (Wang et al., 2006), suggesting that ROS production in 
astrocytes is critical for normal neuronal functions. 

Astrocytes in PD
Reactive astrocytes are commonly observed in animal models 
of Parkinson’s disease (PD), whereby they play a dual role 
in disease development (Rizor et al., 2019). A1 astrocytes 
secrete toxic molecules and induce dopaminergic neuronal 
death in PD mouse models. In mice overexpressing α-synuclein 
(α-Syn), accumulation of α-Syn induces astrocytes to release 
chemokines (CCL2, CCL20, CXCL1, and CX3CL1) and pro-
inflammatory cytokines (TNF-α, IL-1, IL-6), suggesting that 
reactive astrocytes induced by α-Syn are injurious in PD (Lee 
et al., 2010). 

Reactive astrocytes have dual functions of generation and 
removal of ROS in PD. Oxidative stress-induced damage in 
brain regions is specific to PD (Raza et al., 2019). Studies have 
elucidated roles for dopamine catalysis, mitochondrial failure 
to generate ROS, and oxidative stress in astrocytes and PD 
pathogenesis. Baillet et al. (2010) reported that astrocytes 
limit synthesis and release of GSH in the substantia nigra of 
patients, while activated astrocytes upregulate release of 
antioxidants [superoxide dismutase (SOD), GSH catalase, and 
peroxidase]. Astrocytic oxidation promotes PD pathogenesis, 
but A2 astrocytes may regulate detoxification and mitigation 
of ROS. Therefore, balancing chemical communication 
between astrocytes and neurons is important for neuronal 
protection against ROS (Belanger and Magistretti, 2009).

Astrocytic dysfunction in patients with PD has been directly 
linked to PD proteins such as DJ-1, a parkin-associated 
protein controlled by the Parkinson disease 7 gene (PARK7). 
In an animal model of PD, DJ-1 in astrocytes exhibited a 
neuroprotective effect (De Miranda et al., 2018). Moreover, 
DJ-1 upregulation in astrocytes protected neurons against 
rotenone-induced PD, while DJ-1 downregulation enhanced 
neuronal susceptibility to toxins during PD pathogenesis (Rizor 
et al., 2019). Another astrocytic gene, parkin, is expressed 
only under pathogenic conditions and not basal conditions, 
providing evidence of selectivity for astrocytes (Ledesma et 
al., 2002). Knockout of parkin induced astrocytic dysfunction 
and exacerbated neuronal death in an animal model of PD 
(Singh et al., 2018). Astrocytic Nrf2 also plays a vital role in 
PD. Nrf2 overexpression in reactive astrocytes was shown 
to protect dopaminergic neurons in 6-hydroxydopamine, 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and 
A53T mouse models of PD (Jakel et al., 2007; Chen et al., 
2009; Gan et al., 2012). Accumulating evidence indicates 
that astrocytes are a major contributor to the regulation of 
neuroinflammation in PD. Recently, connexin 30, an astrocytic 
gap junction protein, was shown to exhibit a critical role in 
astrocytic neuroprotection in an MPTP-induced PD model 
(Fujita et al., 2018).

A few studies have found that the phagocytic activities of 
astrocytes are beneficial due to their recruitment process and 
clearance of α-Syn fibrils in PD (Loria et al., 2017), although 
few are accumulated intracellularly (Tremblay et al., 2019). 

However, transfer of misfolded protein from pathological 
areas to healthy sites of neurons results in the progression 
of PD pathology (Rostami et al., 2017). Therefore, astrocytic 
phagocytic function might act as a dual-edged sword in the 
progression of PD pathology.

Astrocytes in MS
Astrocytic roles have been implicated in the development of 
MS. Pro-inflammatory cytokines and chemokines secreted 
by activated T cells and microglia can activate astrocytes 
as a consequence of inflammatory responses, oxidative 
stress, and/or BBB disruption, leading to abnormal signal 
transduction and antigen presentation in MS (Brosnan and 
Raine, 2013; Ponath et al., 2018b; Waisman and Johann, 
2018; Brambilla, 2019; Wheeler and Quintana, 2019; Yi et 
al., 2019). TGF-α increases the number of astrocytes by 
activating the NF-κB pathway in experimental autoimmune 
encephalomyelitis (EAE) and upregulating lymphocyte-
recruiting gene expression in astrocytes of patients with MS 
(Rothhammer et al., 2018; Ponath et al., 2018a). A1 astrocytes 
activate and accumulate along with microglia in the lesion site 
by secreting lymphotoxin-α, IL-6, and lactosylceramide (Yi et 
al., 2019). 

In EAE, A0 astrocytes are activated early at the lesion site due 
to infiltration of peripheral immune cells into the CNS (Yi et al., 
2019); in addition, phagocytosis of myelin debris by astrocytes 
initiates infiltration of leukocytes during the early stage of 
pathology (Ponath et al., 2017). However, studies have shown 
that reactive astrocytes regulate the clearance of myelin 
debris to initiate remyelination. In cuprizone-treated mice, 
genetic ablation of astrocytes impaired remyelination, delayed 
clearance of damaged myelin, and reduced differentiation and 
maturation of oligodendrocyte precursor cells by preventing 
microglial migration to the site of demyelination (Skripuletz et 
al., 2013). Therefore, understanding the correlation between 
phagocytosis and A1/A2 astrocyte phenotypes is a potential 
area for therapeutic intervention.

A2 astrocytes may play a vital role in neuroprotection in 
MS, and it is well known that A1 astrocytes exacerbate 
inflammation and inhibit regeneration. Activated astrocytes 
upregulate the expression of retinaldehyde dehydrogenase 
2 and control the production of retinoic acid in MS lesions 
(Mizee et al., 2014). Additionally, Arellano et al. (2015) 
reported that interferon-γ (IFN-γ) produced by astrocytes 
has neuroprotective effects during the late stage of EAE. 
Astrocytes directly interact with oligodendrocyte precursor 
cells and produce soluble factors. Notably, oligodendrocyte 
precursor cell proliferation and myelination is impaired by 
mutation of GFAP in astrocytes (Li et al., 2018a). Therefore, 
early polarization of astrocytes is a promising therapeutic 
target for the prevention of inflammation in MS. 

A2 astrocytes produce BDNF in the brain. Knockout of BDNF 
in astrocytes causes axonal loss in EAE (Lee et al., 2012), 
whereas increased BDNF release by astrocytes enhanced 
remyelination in a cuprizone-induced model (Yin et al., 2020). 
Reactive astrocytes act as the dominant cells in CNS defenses 
against oxidative stress by enhancing the production of 
antioxidative enzymes in acute and chronic lesions (Yi et al., 
2019). Activated astrocytes execute multifaceted functions 
in MS, mainly depending on the microenvironment, location, 
and stimuli. However, profound understanding the dual 
function of reactive astrocytes in MS is important to realize 
their therapeutic potential and pathogenic mechanisms. 

Astrocytes in amyotrophic lateral sclerosis
The role of A1 and A2 astrocytes in neuronal metabolic 
function is worth emphasizing in the context of ALS. 
Inflammatory mediators and pro-inflammatory cytokines 
are closely associated with astrocyte-triggered toxicities 
in ALS. Astrocytes expressing mutant SOD1 secreted IFN-γ 
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and prostaglandin D2 to induce motor neuron degeneration 
(Yamanaka and Komine, 2018). A1 astrocytes induce protein 
aggregation by releasing TGF-β1. Collectively, these findings 
reveal that A1 astrocytes are an important contributor to ALS 
pathology. Mitochondrial dysfunction in reactive astrocytes 
caused motor neuron death due to high ROS levels in an 
ALS mouse model. In patients with ALS, elevated levels of 
ROS production, iNOS, and NADPH oxidase in astrocytes 
aggravated autonomous damage of motor neurons (Marchetto 
et al., 2008). 

A1 astrocytes exert adverse effects on neuroprotection during 
ALS, while A2 astrocytes may provide a beneficial environment 
for neurons. Focal transplantation of glial-restricted precursors 
(GRPs) in SOD1-mutant rats increased their survival time and 
reduced motor neuron death (Lepore et al., 2008), indicating 
that transplantation-based astrocyte replacement improved 
the microenvironment of motor neurons in ALS. Hence, 
astrocytes play a positive role in ALS and provide a promising 
therapeutic strategy for patients with ALS. 

Inhibition of A1 and Promotion of A2 Astrocytes 
as Potential Targets in Neurodegenerative 
Diseases
Neurodegenerative diseases involve complex pathology 
(Ibrahim and Gabr, 2019; Shefa et al., 2019). Accordingly, 
it is extremely challenging to completely cure symptoms 
and pathology with current strategies, including cell 
transplantation and gene therapies (Lo Furno et al., 2018; 
Sudhakar and Richardson, 2019). As multifunctional glia in 
the CNS, astrocytes are a novel treatment target. Astrocytes 
play dual roles by orchestrating cellular functions to promote 
desirable physiological effects and mitigate adverse effects. 
Thus, ameliorating astrocytic dysfunction is a promising 
therapeutic approach for neurological disorders. 

Pro-inflammatory molecules transform astrocytes from 
an A0 phenotype to neurotoxic A1 phenotype in several 
neurodegenerative disorders. Glucagon-like peptide-1 
receptor (for which NLY01 is potent agonist under clinical 
investigation) can elicit a protective effect by intervening 
in microglia-mediated transformation of astrocytes to an 
A1 phenotype (Yun et al., 2018). Mesenchymal stem cell-
derived exosomes suppress A1 activation by downregulating 
phosphorylation of the NF-κB p65 subunit in spinal cord 
injury (Wang et al., 2018; Liu et al., 2019). Similarly, fluoxetine 
exhibits neuroprotective functions by inhibiting A1 activation, 
lowering Aβ deposition, ameliorating neurotoxicity, and 
improving behavioral performance (Qiao et al., 2016). 
Furthermore, inhibition of A1 signaling with adeno-
associated viral vectors and selective suppression of astrocytic 
γ-aminobutyric acid (GABA) synthesis improved cognitive 
function, including learning and memory abilities, of a mouse 
model (Furman et al., 2012; Jo et al., 2014). Hoffmann et al. 
(2015) intensively investigated the S1PR modulator FTY720 in 
MS, and its active metabolite FTY720-phosphate was shown to 
produce neurotrophic mediators (HB-EGF and LIF) in human 
primary astrocytes. Excitation of certain signaling pathways 
in A2 astrocytes can improve cognitive impairment; for 
example, insulin therapy was shown to improve the cognitive 
competence of patients with AD as a result of insulin receptor 
activation on A2 astrocytes (Finsterwald et al., 2015; Gabbouj 
et al., 2019).

Increased expression of PK2, which regulates polarization 
of the astrocytic A2 phenotype, has been observed in 
inflammatory regions of the brain. The chemokine-like 
signaling PK2 agonist IS20 induces A2 astrocytes to increase 
glutamate uptake and decrease inflammatory factors (Neal 
et al., 2018). Serotonin 1A (5-HT1A) receptors accelerated 
expression of antioxidative molecules by A2 astrocytes in a 

PD mouse model, and the 5-HT1A agonist 8-OH-DPAT can 
protect dopaminergic neurons (Miyazaki and Asanuma, 2016). 
A previous study demonstrated that modified astrocytes stem 
cells from glial-restricted precursor cells (astrocytes derived 
from GBP cells by exposure to bone morphogenetic protein) 
induced secretion of neurotrophic factors, including BDNF and 
GDNF, contributing to behavioral recovery and neuronal axon 
regeneration in a rat model of PD (Proschel et al., 2014).

Collectively, these findings suggest that shifting astrocytes 
from an A1 to A2 phenotype has potential for the treatment 
of neurodegenerative diseases.

Conclusions
We described the multidimensional functions of reactive 
astrocytes in various neurodegenerative disorders, 
with a focus on prevention of neurodegeneration and 
enhancement of neuroprotection. These effects partly rely 
on the various molecules secreted by reactive astrocytes 
into the microenvironment surrounding neurons. However, 
understanding the complete role of reactive astrocytes 
is still in its infancy. Available studies cannot distinguish 
between the causes and effects of the described phenomena 
associated with activated astrocytes. Consequently, potential 
phenotypic characteristics of A1 and A2 astrocytes have 
been identified depending on the initiation of injury. A1 
astrocytes are found predominantly in acute injuries, whereby 
they enhance neurotoxicity and decrease the survival of 
neurons and oligodendrocytes. In contrast, A2 astrocytes 
are present in remyelinating regions, whereby they promote 
tissue repair and reduce neuronal death. Differential gene 
expression between A1 and A2 astrocytes may depend on the 
activation of various signaling pathways by pathophysiology-
triggering events. Existing agonists, antagonists, or chemicals 
that dampen A1 activation or promote A2 activation have 
therapeutic potential, but the detailed mechanisms have 
not been investigated. After adapting to the inflammatory 
m i c ro e nv i ro n m e n t  p re s e n t  i n  t h e  e a r l y  s ta g e  o f 
neurodegenerative diseases, astrocytes prevent inflammation, 
facilitate repair of injured tissue, initiate recovery from 
disease, and enhance physiological phenomena; for these 
reasons, astrocytes represent an alternative therapeutic 
strategy for neurodegenerative diseases. In view of the 
critical and multifactorial functions of astrocytes, inhibiting A1 
astrocytes or inducing A2 astrocytes might be a promising and 
feasible strategy against neurodegenerative diseases of the 
CNS.
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