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Abstract 
Parkinson’s disease (PD) is characterized by astrocyte activation and disruptions in circadian rhythm. Within the astrocyte 
population, two distinct reactive states exist: A1 and A2. A1 astrocytes are associated with neurotoxicity and inflammation, 
while A2 astrocytes exhibit neuroprotective functions. Our investigation focused on the role of REV-ERBα, a member of 
the nuclear receptor superfamily and a key regulator of the circadian clock, in astrocyte activation. We observed that REV-
ERBα expression in A1 astrocytes was reduced to one-third of its normal level. Notably, activation of REV-ERBα prompted 
a transformation of astrocytes from A1 to A2. Mechanistically, REV-ERBα inhibition was linked to the classical NF-κB 
pathway, while it concurrently suppressed the STAT3 pathway. Furthermore, astrocytes with low REV-ERBα expression were 
associated with dopaminergic neurons apoptosis. Intriguingly, the opposite effect was observed when using a REV-ERBα 
agonist, which mitigated astrocyte activation and reduced dopaminergic neuron damage by 50%. In summary, our study 
elucidates the pivotal role of REV-ERBα in modulating astrocyte function and its potential implications in PD pathogenesis.
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Introduction

Astrocytes, the most abundant type of glial cells in the cen-
tral nervous system (CNS), play a crucial role in maintain-
ing CNS homeostasis. In normal physiological conditions, 
astrocytes fulfill protective functions by secreting neuro-
trophins and antioxidants and facilitating neuronal waste 
disposal (Lee et al. 2022). When exposed to stimuli such 
as injury or disease, reactive astrocytes undergo dynamic 
changes, including hypertrophy, increased glial fibrillary 
acidic protein (GFAP) expression, and gene expression 
alterations, highlighting their dynamic nature. Reactive 
astrocytes play diverse roles, contributing to both neurotoxic 

and neuroprotective functions in the complex landscape of 
neuroinflammatory responses (Escartin et al. 2021). Similar 
to microglia, reactive astrocytes exhibit two distinct pheno-
types: A1 (pro-inflammatory) and A2 (anti-inflammatory), 
which can be induced by neuroinflammation and ischemia, 
respectively (Escartin et al. 2021; Liddelow et al. 2017).

A1 astrocytes are typically induced by neuroinflammatory 
factors such as complement component C1q, tumor necrosis 
factor TNF-α, and interleukin IL-1α. They exhibit neuro-
toxic and pro-inflammatory properties. A1 cells lose many 
normal functions, such as maintaining synapses, and upregu-
late many genes that are harmful to synapses. A1 astrocytes 
produce and release pro-inflammatory factors, chemokines, 
and neurotoxic mediators, leading to dysfunctions in cell 
survival, proliferation, and differentiation (Liddelow et al. 
2017). On the other hand, A2 astrocytes are usually induced 
by conditions such as hypoxia and exhibit neuroprotective 
and anti-inflammatory properties. A2 cells upregulate neu-
rotrophic factors or anti-inflammatory genes, promoting the 
survival and growth of neurons. A2 astrocytes exert neuro-
protective effects through their phagocytic functions and the 
release of neurotrophic factors and neurogenic transcription 
factors (Lee et al. 2022; Colombo and Farina 2016).
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A1 astrocytes, when activated by neuroinflammatory fac-
tors such as complement component C1q, tumor necrosis 
factor TNF-α, and interleukin IL-1α, secrete inflammatory 
cytokines and chemokines, ultimately leading to neuronal 
death and neurodegenerative diseases. A2 astrocytes, on the 
other hand, secrete neurotrophic factors, including glial cell 
line-derived neurotrophic factor (GDNF), which play a pro-
tective role in preserving neurons.

Parkinson’s disease (PD) is a degenerative brain disor-
der characterized by the loss of dopamine (DA)-producing 
neurons in the brain. Neuroinflammation significantly con-
tributes to the disease’s etiology (Colwell 2021; Roth and 
Ding 2020). During the progression of PD, activated micro-
glia stimulate the activation of A1 astrocytes, resulting in 
neurotoxicity release and subsequent death of DA neurons 
(Escartin et al. 2021; Araujo et al. 2022). Conversely, the 
neuroprotective properties of A2 astrocytes may help slow 
the progression of PD. A2 cells, by releasing neurotrophic 
factors and anti-inflammatory mediators, may promote the 
survival and functional recovery of dopaminergic neurons. 
Regulating the activation states of A1/A2 reactive astrocytes 
to reduce toxic effects and enhance protective effects pro-
vides new insights and potential therapeutic targets for the 
treatment of PD.

Glial cells harbor functional circadian clocks that govern 
their responses to daily oscillations in brain activity, cellu-
lar stress, and metabolism (Koronowski and Sassone-Corsi 
2021). Circadian dysfunction commonly occurs in aging and 
neurodegenerative disease (McKee et al. 2020). Astrocyte 
reactivity and activity exhibit circadian rhythm, with GFAP, 
serving as a specific marker for these cellular oscillations 
(Leone et al. 2006). Mammalian circadian rhythm, at the 
molecular level, is regulated by a transcription-translation 
feedback loop, including Basic Helix-Loop-Helix ARNT 
Like 1 (BMAL1), Circadian Locomoter Output Cycles 
Protein Kaput (CLOCK), and REV-ERBα (Ikegami et al. 
2019). The core circadian clock protein BMAL1 modulates 
astrogliosis through a cell-autonomous mechanism (Lananna 
et al. 2018).

REV-ERBα, a transcriptional repressor, participates in 
regulating circadian rhythm, immune function and metabo-
lism and other physiological processes (Guo et al. 2019). 
REV-ERBα was named because it resides on the opposite 
strand of ERBA (THRA) oncogene (Everett and Lazar 2014). 
In animal models of PD induced by 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxydopamine(6-
OHDA), or rotenone, the expressions of major clock genes 
BMAL1, REV-ERBα, Cryptochrome 1 (CRY1), and Period 
2 (PER2) were altered (Shkodina et al. 2022; Hayashi et al. 
2013). The expression of REV-ERBα is abnormal in PD 
patients and animal models (Breen et al. 2014; Kou et al. 
2022). Elevated GFAP expression was observed in the cor-
tex and hippocampus of Rev-erbα KO mice (Griffin et al. 

2019). However, it is not clear whether Rev-erbα deletion 
directly leads to astrocyte activation. In this study, we pro-
pose that circadian clock protein REV-ERBα may regulate 
the polarization of astrocytes.

Materials and Methods

Animal Study

C57BL/6 mice (8 weeks, Male) weighing 25–30 g were pur-
chased from SLAC Lab Animal Ltd (Shanghai, China) and 
were housed with a 12:12-h light/dark cycle. The mice were 
used to detect circadian rhythm of REV-ERBα in mouse 
brains. The mice were killed by injection of pentobarbital 
sodium (50 mg/kg i.p.) at indicated time points. Fresh mice 
brain tissues were crushed by a homogenizer. All animal 
experiments were approved by the Animal Committee of 
Suzhou Institute of Biomedical Engineering and Technol-
ogy, Chinese Academy of Sciences. The ethics commission 
number is IRB202005003RI.

Primary Astrocyte Cultures

Newborn mice were only used to extract primary astro-
cyte. Primary mouse astrocytes were extracted from 2-day-
old mouse cerebral cortices and prepared as previously 
described (Chen et al. 2018). Briefly, newborn mice were 
killed at 1 pm. Cerebral cortices were digested using 0.25% 
trypsin and DNase (100 μg/mL). Mixed glia cells were cul-
tured in poly-D-lysine-coated bottles. After 2 weeks, non-
astrocytic cells were detached from the flasks by shaking at 
250 rpm for 18 h and changed the medium after washing 3 
times by PBS.

Cell Culture and Drugs

The BV2, C8D1A, and SH-SY5Y cell lines were presented 
from Wang lab research group, School of Pharmacy, Soo-
chow University. Primary astrocyte and C8D1A (a murine 
astrocyte cell line) were cultured in high-glucose DMEM 
supplemented with 10% fetal bovine serum (FBS, Gibco) 
and penicillin/streptomycin (100 μg/mL), with a seeding 
density of 1 × 105 cells per well in 6-well plates. The conflu-
ency at the time of treatment was approximately 50%. BV2 
(a murine microglia cell line) was cultured in high-glucose 
DMEM with 10% heat-inactivated FBS, with a seeding den-
sity of 1 × 105 cells per well in 6-well plates and a confluency 
of approximately 50% at the time of treatment. SH-SY5Y (a 
human-derived neuronal cell line, expressing dopaminergic 
markers) was cultured in DF12 with 10% FBS, with a seed-
ing density of 1 × 105 cells per well in 6-well plates and a 
confluency of approximately 50% at the time of treatment. 
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All cells were cultured at 37 ℃ in a mixture of 5% CO2 and 
95% O2. SR9009 and SR8278 were purchased from Selleck 
company, which are agonist and inhibitor of REV-ERBα, 
respectively (Selleck Chemicals, Houston, TX, USA).

Conditioned Media (CM)

BV2 cells were stimulated by PBS or LPS (100 ng/mL) for 
24 h. The supernatants were filtered through 0.45-μm fil-
ters and used to culture astrocyte cells for 24 h. Similarly, 
astrocytes were pretreated by SR9009 or SR8278, and then 
astrocyte supernatant were filtered and used to culture SH-
SY5Y cell for 48 h. After culture, SH-SY5Y cells were used 
for further experiments.

Genetic and Pharmacological Intervention

For plasmid transfection, cells were transfected with 
HA-Rev-erbα using Lipofectamine 2000 transfection rea-
gent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. siRNAs against the mouse Rev-
erbα gene were synthesized with the following sequences: 
Rev-erbα: 5′-GCA​UCG​UUG​UUC​AAC​GUG​ATT-3′ and 
5′-UCA​CGU​UGA​ACA​ACG​AUG​CAA-3′. For small inter-
fering RNA (siRNA) knockdown, cells were transfected 
with siRNAs using Lipofectamine RNAiMAX transfection 
reagent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. For pharmacological interven-
tion, astrocytes were treated by DMSO or SR9009/SR8278 
(20 μM) for 24 h.

Real‑Time Quantitative RT‑PCR

The qPCR machine (Roche, cobas z 480) was used. Total 
RNA was isolated with TRIzol reagent (Vazyme, Jiangsu, 
China). cDNA was reverse-transcribed from total RNA 
(500  ng) using PrimeScript RT Master Mix (Vazyme, 
Jiangsu, China). RNA concentration was measured using a 
nanodrop. Housekeeping gene Actin was used for normali-
zation. qRT-PCR analysis was calculated using the 2−ΔΔCT 
formula for the relative quantification. Quantitative PCR 
primers were designed as following:

iNos, forward primer 5′-TCC​CAG​CCT​GCC​CCT​TCA​
AT-3′, reverse primer 5′-CGG​ATC​TCT​CTC​CTC​CTG​
GG-3′; Rev-erbα, forward primer 5′- GGG​CAC​AAG​CAA​
CAT​TAC​CA-3′, reverse primer 5′- CAC​GTC​CCC​ACA​CAC​
CTT​AC-3′; C3, forward primer 5′- AAG​CAT​CAA​CAC​ACC​
CAA​CA-3′, reverse primer 5′- CTT​GAG​CTC​CAT​TCG​
TGA​CA-3′; S100a10, forward primer 5′- CCT​CTG​GCT​
GTG​GAC​AAA​AT-3′, reverse primer 5′- CTG​CTC​ACA​
AGA​AGC​AGT​GG-3′; Gdnf, forward primer 5′-TTG​CAG​
CGG​TTC​CTG​TGA​AT-3′, reverse primer 5′- TCT​TAG​AAT​
ATG​GTA​AAC​CAG​GTT​GTCA-3′; Cxcl10, forward primer 

5′- CCA​AGT​GCT​GCC​GTC​ATT​TTC-3′, reverse primer 5′- 
GGC​TCG​CAG​GGA​TGA​TTT​CAA-3′; Gfap, forward primer 
5′- AGA​AAG​GTT​GAA​TCG​CTG​GA-3′, reverse primer 5′- 
GAA​CCC​GTC​TTC​CAT​CGT​TA-3′; β-Actin, forward primer 
5′-GAC​CTG​ACT​GAC​TAC​CTC​-3′, reverse primer 5’-GAC​
AGC​GAG​GCC​AGG​ATG​-3′.

Immunoblot Analysis

Immunoblot analysis was carried out as previously described 
(Xu et al. 2023). Protein expression was quantified by West-
ern blot assay. Blots were incubated with the following 
primary antibodies: REV-ERBα (Santa Cruz, CA, USA), 
GAPDH (Santa Cruz Biotechnology, United States), iNOS 
(Abcam, United Kingdom), p-p65 (CST, United States), p65 
(Santa Cruz, CA, USA), p-STAT3 (Abcam, United King-
dom), STAT3 (Abcam, United Kingdom), Cxcl10 (Abcam, 
United Kingdom), Caspase-3 (CST, United States), and 
GDNF (Abcam, United Kingdom). The secondary anti-
bodies, horseradish peroxidase (HRP)-conjugated sheep 
anti-mouse, or anti-rabbit antibodies (BBI, Canada) were 
used. The gels were imaged with chemiluminescence imag-
ing analysis system (Clinx, China) and analyzed by ImageJ 
software (National Institutes of Health, USA).

Statistical Analysis

Data were analyzed with GraphPad Prism 9 (GraphPad Soft-
ware Inc., San Diego, CA, USA). One-way analysis of vari-
ance was used for comparison between groups and t-tests for 
two groups. The criterion of significance was set as P < 0.05. 
All results are presented as means ± SD.

Results

REV‑ERBα Expression Declined in A1 Astrocytes

Discovered in 1989, REV-ERBα derives its name from its 
position on the antisense chain of the nuclear receptor, the 
thyroid hormone receptor (erbA alpha) gene (Adlanmerini 
et al. 2021). REV-ERBα, a core CLOCK protein, belongs 
to the nuclear receptor transcription factor superfamily. In 
mouse brains, REV-ERBα exhibits a circadian rhythm in 
both protein and mRNA levels (Fig. 1A–B), which typi-
cally do not involve statistical significance comparisons 
(Kou et al. 2022). LPS-activated microglia induced A1 
reactive astrocytes, characterized by elevated levels of 
inflammatory proteins(Liddelow et al. 2017; Liddelow and 
Barres 2017). We employed BV2 microglia supernatant 
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treated by LPS to stimulate astrocyte activation. REV-
ERBα expression decreased in both C8D1A astrocyte 
cells line (Fig. 1C–D) and primary astrocytes (Fig. 1C–F) 
cultured with BV2 supernatant following LPS stimulation.

REV‑ERBα Regulated Astrocyte Phenotype

Although REV-ERBα decreased in A1 astrocytes, it 
remains unclear whether REV-ERBα directly regulates 
astrocyte phenotype. We modulated REV-ERBα expres-
sion by transfecting HA-Rev-erbα plasmid or siRNA in 
C8D1A astrocytes and subsequently assessed A1/A2 bio-
marker mRNA levels. In Rev-erbα knockdown astrocytes, 
A1 biomarker mRNA levels of iNos and C3 increased, 
while A2 biomarker mRNA level of S100a10 decreased 
(Fig.  2A). In REV-ERBα overexpressed astrocytes, 
A1 biomarker mRNA levels of iNos and C3 decreased 
(Fig.  2B). We also detected A1/A2 biomarker protein 
levels in REV-ERBα overexpressed astrocytes. iNOS 
increased and GDNF decreased in Rev-erbα knockdown 
astrocytes (Fig. 2C–D).

REV‑ERB Regulated Signaling Pathways 
of the Astrocyte Phenotype

A1 reactive astrocytes exhibit NF-κB activation, while A2 
reactive astrocytes show STAT3 activation (Colombo and 
Farina 2016; Liddelow and Barres 2017). Phosphorylation 
of p65, a critical indicator of NF-κB pathway activation, 
increased in Rev-erbα knockdown astrocytes (Fig. 3A–C). 
Phosphorylation levels of STAT3 serve as an indicator of 
STAT3 pathway activation, and these levels increased in 
Rev-erbα knockdown astrocytes (Fig. 3D–F).

Astrocyte Activation Mediated by REV‑ERBα Induced 
the Death of Dopaminergic Neurons

Pro-inflammatory mediators, secreted by A1 reactive 
astrocytes, contribute to neuron death (Liang et al. 2023; 
Park et al. 2021). Cxcl10, a cytokine within the CXC 
chemokine family, plays a crucial role in mediating the 
inflammatory response in astrocytes during various CNS 
diseases (Liang et  al. 2023). In Rev-erbα knockdown 
astrocytes, mRNA levels of Cxcl10 and GFAP increased 

Fig. 1   The expression of REV-
ERBα in astrocytes. A REV-
ERBα protein levels in mouse 
brains show circadian rhythm, 
indicating its fluctuation over 
a 24-h period. B Rev-erbα 
mRNA levels in mouse brains 
exhibit circadian rhythm, with 
n = 8 mice used for the analysis. 
C REV-ERBα protein levels in 
C8D1A astrocytes cultured with 
supernatant from BV2 microglia 
cell line. D Relative expression 
levels of indicated proteins in 
(C) were determined from n = 3 
independent experiments. E 
REV-ERBα protein levels in 
primary astrocytes cultured with 
supernatant from BV2 microglia 
cell line. F Relative expression 
levels of indicated proteins 
in (E) were determined from 
n = 3 independent experiments. 
***P < 0.001
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(Fig.  4A). Additionally, the protein level of Cxcl10 
increased in Rev-erbα knockdown astrocytes (Fig. 4B–C). 
Cleaved caspase-3, an activated form of caspase 3, serves 
as an indicator of apoptosis. Treatment of SH-SY5Y neu-
rons with C8D1A astrocyte supernatant revealed that Rev-
erbα knockdown astrocytes promotes neuronal apoptosis 
(Fig. 4D–E).

Pharmacological Activation of REV‑ERBα 
in Astrocyte Rescued the Death of Dopaminergic 
Neurons

Currently, a variety of REV-ERBα agonists and inhibitors 
have been utilized in pharmacological studies (Uriz-Huarte 
et al. 2020). Specifically, SR9009 functions as an agonist, 

Fig. 2   REV-ERBα regulated astrocyte phenotype. A A1/A2 bio-
marker mRNA levels in REV-ERBα knockdown astrocyte, deter-
mined from n = 3 independent experiments. B A1/A2 biomarker pro-
tein levels in REV-ERBα overexpression astrocyte, with ns indicating 
no statistical significance, from n = 3 independent experiments. C A1/

A2 biomarker protein levels in REV-ERBα knockdown astrocyte. D 
Relative expression levels of indicated proteins in (C) were deter-
mined from n = 3 independent experiments. *P < 0.05, **P < 0.01, 
***P < 0.001
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while SR8278 acts as inhibitor of REV-ERBα. We investi-
gated whether pharmacological activation or inhibition of 
REV-ERBα in astrocyte impacts the survival of dopaminer-
gic neurons. We pre-treated C8D1A astrocytes with SR9009 
or SR8278, followed by culturing them with BV2 superna-
tant treated with LPS. Subsequently, astrocytes supernatant 
was used to culture SH-SY5Y cell (Fig. 5A). Caspase-3, 
a key factor, renders dopaminergic neurons susceptible to 
apoptotic death in PD. In PD patients, the percentage of 
dopaminergic neurons testing positive for active caspase-3 
was significantly higher than in the control group (Hart-
mann et al. 2000). Supernatant from activated astrocytes 
induced apoptosis in dopaminergic neurons. Furthermore, 
the REV-ERBα inhibitor SR8278 exacerbated damage to 
dopaminergic neurons (Fig. 5B–C). Conversely, the REV-
ERBα agonist SR9009 mitigated damage to dopaminergic 
neurons caused by activated astrocytes (Fig. 5D–F).

Discussion

In our study, we demonstrated a downregulation of REV-
ERBα in A1 astrocytes. Inhibition of REV-ERBα facilitated 
the conversion of astrocyte to pro-inflammatory A1 subtype 
by enhancing p65 phosphorylation. Conversely, activation 
of REV-ERBα led to the transformation of astrocytes into 
anti-inflammatory A2 subtype by upregulating STAT3 phos-
phorylation. Furthermore, the REV-ERBα agonist mitigated 
dopaminergic neuron damage induced by inhibiting the acti-
vation of astrocytes.

PD is commonly associated with damage to dopamin-
ergic neurons. Nevertheless, recent research indicates that 
non-neuronal cell types significantly contribute to PD 
pathogenesis (Brandebura et al. 2023). The activation of 
numerous astrocytes compromises their capacity to sup-
port neuronal survival and growth, leading to neurotoxicity 
and dopaminergic neurodegeneration in PD (Patani et al. 
2023). Altered circadian rhythms have been associated with 
delayed PD diagnosis, underscoring their relevance in the 
disease. Both astrocyte activation and circadian rhythm dis-
ruption are pivotal factors contributing to PD (Ishii et al. 
2019). Nevertheless, the relationship between these fac-
tors and PD pathogenesis remains inadequately explored. 
Core circadian clock proteins regulate the diurnal activity 
of astrocytes. Dysregulated astrocytic clocks (due to Bmal1 
deletion or lifestyle-related disruptions) may contribute to 
neurodegenerative pathways by impairing the clearance and 
metabolism of toxic brain metabolites (Hastings et al. 2023). 
Targeted Bmal1 deletion induces astrocyte activation and 
upregulates inflammatory gene expression both in vitro and 
in vivo (Lananna et al. 2018). Loss of Bmal1 typically leads 
to astrocyte hyperplasia. Consequently, we anticipate that 
REV-ERBα would suppress astrocyte proliferation due to 
its inhibitory effect on Bmal1 expression.

REV-ERBα has emerged as a key player in the pathogen-
esis and advancement of neurodegenerative diseases. Phar-
macological activation of REV-ERBα inhibits LPS-induced 
microglial activation (Guo et al. 2019). REV-ERBα miti-
gated neuroinflammation in PD by regulating the NLRP3 
inflammasome in microglia (Kou et al. 2022). Microglial 

Fig. 3   REV-ERBα regulated 
signaling pathways of the 
astrocyte phenotype. A NF-κB 
pathway involvement in REV-
ERBα knockdown astrocytes. 
B–C Relative expression 
levels of indicated proteins in 
(A) were determined. ns, no 
statistical significance, from 
n = 3 independent experiments. 
D STAT3 pathway involve-
ment in REV-ERBα knock-
down astrocytes. E–F Relative 
expression levels of indicated 
proteins in (D) were determined 
from n = 3 independent experi-
ments. *P < 0.05, **P < 0.01, 
***P < 0.001
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REV-ERBα deletion exacerbates inflammation, tau aggre-
gation, and droplet formation (Lee et al. 2023). REV-ERBα 
antagonist SR8278 or genetic suppression of REV-ERBα 
expedited microglial uptake of Aβ (Lee et al. 2020). Earlier 
studies documented that REV-ERBα deficiency resulted in 
elevated expression of GFAP and C3, along with microglial 
activation in mice (Griffin et al. 2019, 2020).

Previous research primarily concentrated on the role of 
REV-ERBα in neurodegenerative diseases within the context 
of microglia. Our investigation specifically addressed the 
impact of REV-ERBα on astrocyte activation. Within our 
study, we observed downregulation of REV-ERBα expres-
sion in A1 astrocytes exposed to LPS-treated BV2 superna-
tant. Inhibition of REV-ERBα in astrocytes resulted in a pro-
inflammatory A1 phenotype, elevated levels of complement 
C3, iNOS and chemokine CXCL10, as well as increased 

phosphorylation of p65. Inhibition of REV-ERBα led to the 
conversion of astrocytes into an anti-inflammatory A2 phe-
notype, upregulated S100A10 and GDNF expression, and 
enhanced STAT3 phosphorylation. REV-ERBα may have 
potentially beneficial effects. Pharmacological activation of 
REV-ERB in astrocyte rescued the death of dopaminergic 
neurons Fig. 6.

This binary classification does not fully represent the 
diversity of reactive astrocytes. In reality, astrocytes can 
exist in various reactive profiles beyond A1 and A2. Addi-
tionally, the dynamic nature of astrocyte responses, influ-
enced by time and varying stimuli, is not adequately cap-
tured by the static A1 and A2 classification (Escartin et al. 
2021). Existing research lacks comprehensive descriptions 
of the morphological features distinguishing A1 and A2 
reactive astrocytes. Relying solely on GFAP expression 

Fig. 4   Astrocyte activation 
mediated by REV-ERBα 
induced the death of dopamin-
ergic neurons. A Chemokine 
mRNA levels in REV-ERBα 
knockdown astrocyte, deter-
mined from n = 3 independent 
experiments. B Cxcl10 protein 
levels in REV-ERBα knock-
down astrocyte. C Relative 
expression levels of indicated 
proteins in (B) were determined 
from n = 3 independent experi-
ments. D Cleaved Caspase-3 
levels in dopaminergic neuron 
cells treated with astrocyte 
medium knockdown with 
Rev-erbα. E Relative expres-
sion levels of indicated proteins 
in (D) were determined from 
n = 3 independent experi-
ments. *P < 0.05, **P < 0.01, 
***P < 0.001
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and morphology is inadequate for categorizing astrocytes 
as reactive. In pathological contexts, astrocytes exhibit 
substantial morphological alterations beyond mere hyper-
trophy, including elongation and process extension towards 
injury sites, as well as three-dimensional structural overlap 
(Escartin et al. 2021; Stanca et al. 2023). The morphologi-
cal characteristics of astrocytes do not necessarily correlate 

with their functional phenotype or their effects on other cell 
types. In future classifications of reactive astrocytes, it is 
essential to incorporate various criteria, such as transcrip-
tomics, proteomics, morphology, specific cell functions, and 
pathological markers (Escartin et al. 2021; Endo et al. 2022).

Our study provides insights into the pathogenesis of 
astrocyte activation mediated by REV-ERBα. Circadian 

Fig. 5   Pharmacological activa-
tion or inhibition of REV-ERBα 
in astrocyte affect dopaminergic 
neuron survival. A C8D1A 
astrocytes treated with DMSO 
or SR9009/SR8278 (20 μM) 
for 24 h and then cultured 
with supernatant from BV2 
cells treated with PBS or LPS 
(100 ng/ml) for 24 h, and finally 
astrocyte supernatants used 
to culture SH-SY5Y cells for 
48 h. B Caspase 3 and cleaved 
caspase 3 protein levels in 
SH-SY5Y cells cultured with 
supernatant from astrocytes 
treated with DMSO/SR827. 
C Relative expression levels 
of indicated proteins in (B) 
were determined from n = 3 
independent experiments. D 
Caspase 3 and cleaved caspase3 
protein levels in SH-SY5Y cells 
cultured with supernatant from 
astrocyte treated with DMSO/
SR9009. E Relative expression 
levels of indicated proteins in 
(D) were determined from n = 3 
independent experiments. F 
SH-SY5Y cells stained with 
annexin V, PI, and Hoechst 
33,258 with bar represent-
ing 100 μm and ns indicating 
no statistical significance. 
**P < 0.01, *P < 0.05
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clock regulation and neuroinflammation represent bur-
geoning areas of interest in PD research, each with unique 
and pioneering features (Colwell 2021). Our endeavor 
involved elucidating the mechanism by which astrocyte 
dysfunction, mediated by the circadian clock protein REV-
ERBα, impacts dopaminergic neuron injury. Additionally, 
we explored the therapeutic implications of targeting cir-
cadian clock proteins and glial cells in PD.

Although this study reveals the critical role of REV-
ERBα in regulating astrocyte function and the pathogen-
esis of Parkinson’s disease (PD), there are some limita-
tions. Firstly, the study primarily relies on in vitro cell 
line experiments, which may not fully reflect the complex 
physiological environment in vivo, necessitating further 
in vivo studies to validate these findings. Secondly, the use 
of different cell lines may introduce variability, affecting 
the interpretation and reproducibility of the results; hence, 
future studies should consider using primary cells or ani-
mal models. Additionally, technical limitations, such as the 
specificity and efficacy of REV-ERBα agonists and inhibi-
tors, may impact the understanding of their mechanisms 
of action, requiring further optimization of experimental 

conditions. In summary, while this study provides impor-
tant insights, further research is needed to overcome these 
limitations and validate its clinical relevance.
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