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Accumulating evidence suggests that astrocytes, the abundant cell type in

the central nervous system (CNS), play a critical role in maintaining the

immune response after cerebral infarction, regulating the blood-brain barrier

(BBB), providing nutrients to the neurons, and reuptake of glutamate. The

circadian clock is an endogenous timing system that controls and optimizes

biological processes. The central circadian clock and the peripheral clock

are consistent, controlled by various circadian components, and participate

in the pathophysiological process of astrocytes. Existing evidence shows

that circadian rhythm controls the regulation of inflammatory responses by

astrocytes in ischemic stroke (IS), regulates the repair of the BBB, and plays

an essential role in a series of pathological processes such as neurotoxicity

and neuroprotection. In this review, we highlight the importance of astrocytes

in IS and discuss the potential role of the circadian clock in influencing

astrocyte pathophysiology. A comprehensive understanding of the ability of

the circadian clock to regulate astrocytes after stroke will improve our ability

to predict the targets and biological functions of the circadian clock and gain

insight into the basis of its intervention mechanism.
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Introduction

Ischemic stroke (IS) is characterized by a sudden blockage of one of the main
arteries supplying blood to the brain, due to a blood clot or embolism, causing ischemia,
resulting in insufficient oxygen and nutrients for brain cells to function properly (Dong
et al., 2022; Qi et al., 2022). IS is the leading cause of death and long-term disability
worldwide and is characterized by high morbidity, disability, mortality, recurrence, and
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economic burden (Iadecola and Anrather, 2011; Tsao et al.,
2022). Current IS treatment relies entirely on reperfusion
therapy, including thrombolysis and thrombectomy.
Thrombolysis is mainly administered with recombinant
tissue plasminogen activator (rt-PA) or other proteins with
similar activity (Crocker et al., 2021; Faizy et al., 2022), whereas
thrombectomy is primarily endovascular treatment (EVT) and
mechanical thrombectomy (Herpich and Rincon, 2020; Ghaith
et al., 2022). However, due to the highly limited time window
and the risk of hemorrhagic events, t-PA can only be used in
less than 10% of patients with stroke and with less than 50%
achieving success (Rha and Saver, 2007; Peña-Martínez et al.,
2022). In this context, research on neuroprotective agents for
stroke has been extensive, and it is disappointing that so far
there have been no translational results from medical research
to clinical practice (Deng et al., 2018; Mahmood et al., 2022).

Accumulating evidence indicates that circadian biology
affects the mechanism of IS and response to therapies,
which may be the culprit for the translational failure of
neuroprotectants (Cederroth et al., 2019; Logan and McClung,
2019). The results of neuroprotectants, such as normobaric
hyperoxia, free radical scavenger α-phenyl-butyl-tert-nitrone
(αPBN), and the N-methyl-D-aspartic acid (NMDA) antagonist
MK801, in a rodent model of IS, show that the neuroprotective
approach administered in the day time (inactive phase,
Zeitgeber time, ZT3-9) is more effective and preserves more
of the penumbra compared to the night (active phase, ZT15-
21), and for diurnal organisms (human), ZT0 (lights on) is the
time of activity onset and ZT12 (lights off) defines activity onset
for nocturnal animals (mice). Therefore, a "mismatch" between
active and inactive phases when studying neuroprotective drugs
for stroke in humans and rodents may account for clinical
failure (Esposito et al., 2020). Numerous studies indicate that
circadian physiology contributes to the increased frequency
of stroke attacks during waking and early morning hours
(Chaturvedi et al., 1999; Fodor et al., 2014; Ripamonti et al.,
2017; Fodor et al., 2021). In addition, the environmental
circadian disruption (ECD) model, induced by 6-h phase
advances of the light cycle each week for 6 weeks, has been
reported to increase stroke infarct size and elevate inflammatory
responses (Ramsey et al., 2020). In addition, mutations in
circadian genes have been confirmed to induce pathological
changes in the process of IS. Bmal1−/− mice play an important
role in the circadian rhythm of blood pressure changes in stroke
by impairing the transcriptional level of angiotensinogen (Agt),
thereby exhibiting a super-dipper phenotype in the nocturnal
phase (Chang et al., 2018). Both the Clock and Cry mutant
mice lost the circadian fluctuations of euglobulin clot lysis time
(ELT), which is inversely proportional to fibrinolytic activity
(Ohkura et al., 2006). Therefore, circadian biology influences
the physiology and pathology of stroke, and once the circadian
biology is dislocated, the rhythmic fluctuations of blood and
coagulation disappear, which becomes a potential factor for the

incidence of stroke. Thus, circadian rhythm and clocks should
be one of the considerations and targets in clinical application.

After a stroke, secondary brain damage involves vascular
endothelial cells, neurons, glial cells, and other cell types
that interact to determine the injury response’s initiation,
progression, and outcome. Astrocytes, an abundant cellular
subtype among these cells, are structurally and functionally
involved in ischemic pathological responses and undergo
significant changes in morphology, gene expression, and cell
proliferation after IS (Zisis et al., 2021). The preservation of
neurons alone may not be sufficient to benefit all cell types
in the post-stroke brain, especially astrocytes, which may also
contribute to the failure of clinical translation of neurocentric
stroke therapies. Given their detrimental or beneficial important
roles in neuroprotection during ischemia, astrocytes may be
valuable therapeutic targets (Liu and Chopp, 2016). A better
understanding of astrocyte molecular control is required if new
stroke treatments are designed to target astrocyte function.
Numerous studies have shown that many processes exhibited
by astrocytes are rhythmic and exhibit 24-h or circadian
oscillations (Brancaccio et al., 2017; Lananna et al., 2018;
Hastings et al., 2020). In this review, we correlate different
aspects of astrocyte responses in stroke with novel molecular
insights into neurobiological circadian regulation. We hope that
elucidating these connections can provide new insights into
stroke pathology and new avenues for novel stroke treatments
aimed at long-term neurological recovery.

The role of astrocytes after
ischemic stroke

The delicate branching process of astrocytes wraps all
cellular components throughout the CNS and contacts all
parts of neurons, such as soma, dendrites, axons, and
synaptic terminals. Astrocytes provide many housekeeping
functions, including structural support, formation of the BBB,
neuronal metabolism, extracellular environment maintenance,
regulation of cerebral blood flow, stabilization of cell–cell
communication, neurotransmitter synthesis, and antioxidant
stress (Ransom and Ransom, 2012). Astrocytes participate in
pathophysiology processes in the neurovascular unit (NVU)
after IS, including homeostatic maintenance, immune response,
neurotoxicity, neuroprotection, BBB destruction, and repair.
Astrocytes’ morphological and functional characteristics are
first altered under ischemia-hypoxic injury, a process called
“reactive astrogliosis” (Patabendige et al., 2021). Damaged
neurons in the ischemic core and penumbra, as well as glial
cells in the core, produce cytokines such as transforming
growth factor (TGF)-α, ciliary neurotrophic factor (CNTF),
interleukin (IL)-1β, IL-6, interferon (IFN)-γ, tumor necrosis
factor (TNF)-α, and kallikrein-related peptidase 6 (KLK6),
which trigger astrocyte activation (Hutchison et al., 2013;
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Liu and Chopp, 2016; Trépanier et al., 2016). Hypertrophic
protrusions of astrocytes overlap and crisscross the ischemic
peri-infarct area, forming an envelope covering the infarct
area, and the specific morphological changes are manifested
by increased diameter, length, and branching level of the
protrusions, and increased volume (Huang et al., 2014).
This astrogliosis exhibits cellular hypertrophy, proliferation,
increased expression of the glial fibrillary acidic protein (GFAP),
vimentin, and nestin, and alters the involvement in cellular
structure, gene transcription, translation, energy metabolism,
intracellular signaling, and membrane transporters (Figure 1).

In the days following ischemic injury, around cerebral
ischemic lesions, astrocytes are involved in the formation of
glial scars, forming a physical and functional barrier around
the infarcted necrotic brain tissue. Depending on the severity
of the lesion, mild reactive astrogliosis resolves over time, while
in more severe cases, scarring may be permanent (Sofroniew,
2009; Pekny et al., 2019). The role of astrocyte-mediated
glial scar formation is controversial. On one hand, reactive
astrocytes in scars express a variety of molecules that inhibit
axonal regeneration, such as chondroitin sulfate proteoglycans
(CSPG), which have been recognized as major barriers to
axonal extension in the central nervous system, leading to
failed CNS regeneration (Gris et al., 2007; Yang, 2020). On
the other hand, the glial scar may also isolate the damaged
area from viable tissue, preventing cascades of tissue injury and
limiting the passage of diffusible, inflammatory factors secreted
from the damaged area into remote areas (Faulkner et al.,
2004; Huang et al., 2014; Wang et al., 2018). In addition, the
astrocytic response to ischemia also includes astrocytic swelling,
an osmotic consequence of increased uptake of glutamate, K+

ions, and lactate in the end-feet around the microvascular, which
is an important component of cytotoxic brain edema in ischemic
injury (Kimelberg, 2005; Bergmann et al., 2018).

Emerging evidence suggests that the glymphatic system
(GS) is critical for maintaining the proper functioning of
the brain, and GS dysfunction is strongly associated with
various CNS disorders, including neurodegeneration and acute
ischemic injury, and is involved in solute transport and
immune surveillance (Louveau et al., 2015; Antila et al., 2017).
In addition, Mestre et al. (2020) had shown that increased
Cerebro Spinal Fluid (CSF) flow in GS is considered to be
the main cause of acute ischemic tissue swelling, and these
findings have changed our previous understanding of post-
stroke edema. GS is composed of perivascular space (PVS)
and Aquaporin 4 (AQP4) (Iliff et al., 2012). Astrocytes use
their end-feet in the PVS to form a physical barrier to GS
and regulate the exchange and clearance of solutes between
CSF and Interstitial Fluid (ISF) through AQP4 located on
the end-feet (Filosa et al., 2016). Approximately, 50% of the
brain AQP4 is expressed at the end of astrocytes, supporting a
critical role for astrocytes in GS (Hubbard et al., 2018; Plog and
Nedergaard, 2018). It is worth mentioning that the astrocytic

ion channels, AQP4, is the critical route by which water moves
in and out of astrocytes in response to these osmotic changes,
and therefore leads to astrocyte swelling, cerebral edema, BBB
disruption, and impaired neurological recovery (Fukuda and
Badaut, 2012; Shi et al., 2021). The synergy between the BBB and
GS plays an important role in maintaining brain homeostasis
(Braun and Iliff, 2020); BBB breakdown leads to changes
in cell polarity and transport mechanisms, which in turn
exacerbates GS dysfunction. However, GS dysfunction results
in the accumulation of toxic solutes and proinflammatory
cytokines induced by brain tissue liquefaction necrosis in the
core infarcted area (Zbesko et al., 2018).

The effects of AQP4 on the pathophysiology process of
IS are very complex. The presence of AQP4 exacerbates post-
ischemic cytotoxic edema in an IS model, and several studies
have demonstrated that AQP4 knockout or AQP4 gene silence
attenuates ischemia-induced cellular edema, reduces mortality,
restores motor function, and improves long-term outcomes
(Hirt et al., 2017; Pirici et al., 2017). Conversely, studies have
shown that AQP4 plays the opposite role in the pathological
process of IS. AQP4 knockout resulted in astrocytes exhibiting
more pronounced somatic hypertrophy or marked swelling of
neurites, enlarged infarct size, and severe loss of CA1 neurons
(Zeng et al., 2012). Moreover, AQP4 knockout mice showed
more severe inflammatory cell infiltration, more microglia
activation, and less astrocyte proliferation compared to wild-
type mice (Shi et al., 2012). Taken together, the role of astrocytes
after IS is complex and not entirely clear. After a stroke,
acute-phase astrocyte inflammation aggravates ischemic lesions
and BBB injury, thereby reducing post-acute-phase functional
outcomes. On the other hand, astrocytes also regulate water and
lymphatic metabolism, exert beneficial neuroprotective effects,
and limit the development of lesions. Therefore, the double-
edged sword effect of astrocytes on functional and neurological
recovery after stroke makes them a promising therapeutic target
for drug and cell therapy, and more research is needed to
further investigate their role as a therapeutic strategy for cerebral
ischemia.

Astrocytic circadian clocks

Molecular mechanisms of mammalian
biological clocks

The 2017 Nobel Prize in Physiology or Medicine 2017
was awarded to Jeffrey C. Hall, Michael Rosbash, and Michael
W. Young in recognition of their "discovery of molecules
mechanism that controls circadian rhythms" (Callaway and
Ledford, 2017). This award deciphered how complex behavior
is regulated by genetic and molecular mechanisms. The work
of these laureates in drosophila and many others in higher
species has revealed the advanced and complex properties of

Frontiers in Neuroscience 03 frontiersin.org

https://doi.org/10.3389/fnins.2022.1013027
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1013027 December 3, 2022 Time: 14:24 # 4

Zhang et al. 10.3389/fnins.2022.1013027

FIGURE 1

Activation of astrocyte following ischemic stroke. Following ischemic stroke, resting astrocytes are activated and polarized into functionally
distinct phenotypes, A1 and A2, which play different roles in different stages of the disease. A2 reactive astrocytes elevate the levels of
neurotrophic factors and cytokines such as IL-6, IL-10, and VEGF to promote neuronal survival and BBB repair, and A1 activated astrocytes
produce pro-inflammatory mediators, including tumor necrosis factor alpha (TNF-α), interleukin-1 beta (IL-1β), interferon-γ (IFNγ), IL-6, and
matrix metalloproteinases (MMPs). A1 astrocytes directly destroy the BBB by increasing MMPs and VEGF, cytokines (IL-1β, IL-6, and TNF-α), and
chemokine (MCP-1), synergistically, which aggregated the infiltration of peripheral immune cells. Not only that but the accumulation of
glutamate also causes excitotoxicity-mediated apoptotic death of neurons, and regulation of ATP and oxidative stress in astrocytes is critical for
neurotoxicity.

the circadian clock in mammalian cells and tissues (Bargiello
et al., 1984; Reddy et al., 1984; Zehring et al., 1984). The
slogan "genes, to proteins, to cells, to behaviors" is often chanted
at neuroscience seminars, but we now have that range of
understanding regarding the circadian clock (Hastings et al.,
2018). The circadian system is an internal 24-h biological
rhythm that exists in most organisms. There are countless
cellular clocks throughout the body, but the primary circadian
pacemaker in mammals is the suprachiasmatic nucleus (SCN)
of the hypothalamus. It is closely related to many important
physiological processes in the body, including cell proliferation,
DNA damage repair, angiogenesis, metabolic and oxidative
stress dynamic balance, and inflammatory immune response.
Cellular circadian timing in the SCN and other tissues is
centered on self-sustaining transcription–translational feedback
loops (TTFLs) (Takahashi, 2017).

The core circadian clock mechanisms responsible for
rhythm production and maintenance have become increasingly
complex as research progresses (Koike et al., 2012; Takahashi,

2017; Brown and Doyle, 2020). In brief, the core circadian
proteins Clock and Bmal1 act as the transcriptional factors that
bind to form a heterodimer, and then enter the nucleus to
bind the E-box regulatory elements of Period (Per1, Per2, and
Per3) and Cryptochrome (Cry1 and Cry 2) genes, activating
their transcription. However, Per and Cry family proteins
accumulate in the cytoplasm, and together with casein kinase 1δ

(CK1δ) and CK1ε, they translocate to the nucleus and inhibit
the transcriptional process of Clock and Bmal1 (Lowrey and
Takahashi, 2011; Weber et al., 2011). In addition to targeting
the Per and Cry genes, Clock:Bmal1 heterodimer activate the
transcription of Rev-erbα and Rev-erbβ, which compete at
Rev-erb/retinoic acid-related orphan receptor (ROR) binding
elements with RORα, RORβ, and RORγ (Preitner et al., 2002;
Zhang et al., 2015). The third transcriptional loop activated by
Clock:Bmal1 heterodimer involves the PAR-bZip (proline and
acidic amino acid-rich basic leucine zipper) factors, including
DBP (D-box binding protein), TEF (thyrotroph embryonic
factor), and HLF (hepatic leukemia factor). These proteins
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interact at D-box containing sites with the Rev-erb/ROR loop-
driven repressor NFIL3 (nuclear factor, interleukin 3 regulated,
or E4BP4) (Mitsui et al., 2001; Cowell, 2002; Gachon et al.,
2004). The circadian rhythm is precisely under the regulation of
these complex circadian clock genes and the network formed by
the clock control genes, which produces rhythmic oscillations,
thereby regulating the body’s metabolic homeostasis (Figure 2).

Astrocyte cells possess functional
circadian clocks

This molecular mechanism is present in nearly every cell
type in the body and controls the timing of most cellular
processes and outputs. Clock and Bmal1 do not just regulate the
transcription of core clock genes (CCG). They also bind with the
promotor of thousands of other genes, leading to the rhythmic
transcription of clock-controlled genes (Koike et al., 2012).
Astrocytes have been confirmed to possess robust circadian
timing properties and to initiate and support cell-autonomous
circadian behavioral patterns in adult animals (Brancaccio et al.,
2021). Astrocytes in the cortex and SCN have been shown to
have functional TTFL, rhythmic morphological, and protein
expression fluctuation (Lavialle and Servière, 1993, 1995), and
this phase-shift is a response to stimulation signals (Prolo
et al., 2005; Tso et al., 2017; Brancaccio et al., 2019). In 2005,
primary astrocytes were cultured from either Per1:luciferase
transgenic rats or Per2:luciferase knockin mice. Real-time
bioluminescence recording of luciferase oscillations in vitro
revealed that primary astrocytes have a self-sustaining circadian
rhythm, and the rhythms of astrocytes can carry and phase-
shift to different stimuli, resetting their oscillations to local
time (Prolo et al., 2005). Loss of circadian gene expression
rhythm in astrocytes upon deletion of Bmal1, Clock or Per1,
and Per2 demonstrates dependence on the core astrocyte clock
(Marpegan et al., 2011). Astrocytes autonomously function as a
central circadian clock that regulates molecular and behavioral
circadian rhythms, and several mutant experiments have shown
that astrocytes’ circadian clock system plays an essential role
in metabolism, behavior, and lifespan, such as astrocytes’
intracellular Bmal1 knockout mice exhibited severe metabolic
disturbance, premature death, and age-dependent astrogliosis
and apoptosis of hypothalamic astrocytes (Barca-Mayo et al.,
2020). Another study indicated that deletion of Bmal1 in a
subset of astrocytes affects the neuronal clock in the brain, which
in turn affects the circadian motor behavior and cognition via
GABA and GABAA receptor signaling in mice (Barca-Mayo
et al., 2017).

Brain tissue requires high energy to meet the demands of
synaptic transmission for proper brain function. Astrocytes are
active participants in the transmission, production, utilization,
and storage of energy in the brain, and their coordination
with neurons is critical to maintaining normal brain function

(Bélanger et al., 2011). In astrocytes, uptake of glucose is carried
by the glucose transporter (GLUT), and stored as glycogen
or metabolized in the glycolytic pathway to produce pyruvate,
which can be transferred to mitochondria, or converted to
lactate, with the release of large amounts of ATP (Young
and McKenzie, 2004). Subsequently, astroglia-derived lactate,
the preferred energy substrate used by active neurons during
the awakening phase, is transferred to the mitochondria of
neuronal cells, dehydrogenated by lactate dehydrogenase, and
oxidized to form pyruvate, according to the “Astrocyte-to-
Neuron Lactate Shuttle” (ANLS) hypothesis (Magistretti and
Pellerin, 1996; Bouzier-Sore and Pellerin, 2013; Magistretti
and Allaman, 2015). During the active phase, the lactate
level in astrocytes increases with the firing rate of neurons
and decreases during the inactive phase, resulting in a 24-h
rhythm of lactate concentration (Lundgaard et al., 2017). As
the main excitatory neurotransmitter in the central nervous
system, glutamate is released from neurons and taken up by
astrocytes to form glutamine under the action of glutamine
synthetase. Glutamine returns to glutamatergic neurons to
synthesize glutamate under the catalytic action of glutaminase
and act as the precursor of GABA. Thus, glutamate uptake
by astrocytes is essential for neuronal activity (Magistretti and
Pellerin, 1996; Verkhratsky and Nedergaard, 2018). Considering
anatomical factors, astrocytes in the SCN region undergo
rhythmic structural rearrangements (Becquet et al., 2008), as
well as rhythmic GFAP expression (Lavialle and Servière, 1993).
Subsequent studies confirmed by interfering with glutamate
release from astrocytes (via Cx43 inhibition) and neuronal
glutamate sensing (via NMDAR2C antagonism) state that
astrocytes can autonomously encode circadian information and
that glutamate is a necessary mediator of astrocytes in the SCN
to control circadian function (Brancaccio et al., 2017, 2019). As
mentioned above, the GS is a network of perivascular spaces, and
these metabolites rely on cerebrospinal fluid (CSF) to enter the
brain for transport and clearance through AQP4. Both GS and
AQP4 show diurnal variation, and the circadian polarization
of AQP4 supports the circadian function of lymph. Studies
have shown that AQP4 polarization around the vascular end-
feet of astrocytes increased during the day, and genetic deletion
of AQP4 effectively abolished the circadian regulation of CSF
distribution (Hablitz et al., 2020).

In general, astrocytes are crucial for the circadian
regulation of behavior, energy, and metabolism. After a
stroke, astrocytes start to participate in a series of processes such
as inflammatory response, BBB damage and repair, homeostasis,
and neurotoxicity. Whether and how astrocytic clocks interact
with each other needs to be further elucidated. Therefore, the
astrocytes’ clock with new insights into the communication
styles of cerebral infarction may also be in the loop level of
glial cells in the biological clock function effect to provide more
insight, especially given the circadian clock in the key role of
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FIGURE 2

Central, peripheral, and molecular circadian clock. Light provides entrainment signals to the circadian clock, and the central and peripheral
clocks coordinately regulate various organs of the human body and many biological processes, including hormone release, and blood pressure
regulation. Molecular circadian clocks in mammals consist of the transcription factors "Clock" (circadian motor output cycle kaput) and "Bmal1"
(brain and muscle aryl hydrocarbon receptor nuclear transporter 1), which bind to the E-box promoter to initiate transcription and subsequent
so-called translation of clock-controlled genes (CCGs). Two clock-controlled genes are period (Per) and cryptochrome (Cry) family, and
accumulation and dimerization of Per, Cry, CK1δ, and CK1ε lead to feedback inhibition that further inhibits Clock- and Bmal1-mediated
transcription. Degradation of Per and Cry releases feedback inhibition and the cycle starts over. Second, Clock:Bmal1 heterodimer also activates
the transcription of the Rve-erb family, which competes with Rev-erb/retinoic acid-related orphan receptor (ROR) binding elements. Third,
Clock:Bmal1 heterodimer involves the PAR-bZip factors, including D-box binding protein (DBP), thyrotroph embryonic factor (TEF), and hepatic
leukemia factor (HLF). These proteins interact at D-box-containing sites with the Rev-erb/ROR loop-driven repressor nuclear factor, interleukin
3 (NFIL3, also called E4BP4).

astrocytes in the potential significance of IS in new evidence, to
better explore new therapeutic targets of cerebral infarction.

Circadian involved in inflammatory
response after ischemic stroke

The dual effect of astrocytes in
inflammation response

Although many processes of the inflammatory response are
beneficial and aim to restore tissue homeostasis, “inflammatory
cytokine storms,” formed by the release of large amounts of
inflammatory cytokines, can lead to further damage (Pang et al.,
2021). Different types of reactive astrocytes were found to be
induced by different types of injury—ischemic injury produces
so-called nutritive “A2” reactive astrocytes, while inflammatory
injury produces more toxic “A1” reactive astrocytes (Zamanian

et al., 2012; Liddelow et al., 2017; Sofroniew, 2020), and A1
and A2 are jointly involved in the pro- and anti-inflammation
after IS. Earlier studies suggested that GFAP is associated with
activated astrocytes (Eng et al., 1971); however, subsequent
experiments found that GFAP could not accurately delineate
the branching patterns and regions of astrocytes, and in the
cortex and hippocampus, only about 15–20% of astrocytes
express GFAP (Cahoy et al., 2008). GFAP was also confirmed
to be expressed in a circadian pattern in the SCN region;
therefore, GFAP cannot comprehensively and accurately reflect
the morphology and response state of reactive astrocytes,
and its role as a universal marker of activated astrocytes is
limited (Gerics et al., 2006). Based on transcriptome analysis
of activated astrocytes, the researchers found that A1 and A2
had specific preferentially expressed genes, and classified them
into C3d+/GFAP+A1 and S100A10+/GFAP+ A2 phenotypes
(Zamanian et al., 2012; Fan and Huo, 2021). Direct observations
of morphological differences between A1 and A2 can also
be observed, C3+ A1 astrocytes have long dendrites both
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in vivo and in vitro, whereas S100a10+ A2 astrocytes displayed
hypertrophy and few dendrites (Zou et al., 2019). In addition,
astrocyte surface area, cell volume, filament length, cell body
volume, and shell crossing counts per astrocyte were closely
related to the expression levels of specific preferentially
expressed genes in A1 and A2 (Althammer et al., 2020).

Following IS, the BBB breakdown and recruitment of
peripheral immune cells contribute to the immune response
(Rothhammer and Quintana, 2015; Sofroniew, 2015). As
upstream cells and target cells of the immune response,
astrocytes participate in the occurrence and elimination of
immune responses through various pathways (Li L. et al.,
2022). Resident immune cells, microglial, play a critical role in
inducing A1 by secreting three cytokines: IL-1α, TNF-α, and the
Complement Component Subunit 1q (C1q), which together are
sufficient in vitro to induce A1 reactive astrocytes. Furthermore,
A1 produces and releases several proinflammation mediators,
such as IL-6, IL-1α, IL-1β, and IFN-γ (Kes et al., 2008;
Clarke et al., 2018). However, A2-type astrocytes are associated
with neuro-protective by suppressing the immune response,
promoting survival and growth of neuro cells (Liddelow and
Barres, 2017).

Specifically, astrocytes can regulate the balance between
inflammatory and anti-inflammation responses by releasing
inflammation mediators and promoting the secretion of
anti-inflammation mediators. Accumulating evidence indicates
that nuclear factor kappa light-chain enhancer of activated
B cells (NF-κB) is stimulated by reactive oxygen species
(ROS) during astrocyte ischemia condition and regulates the
transcriptional expression of a panel of inflammatory cytokines
and chemokines, such as TNF-α, IL1β, and IL6, which lead to
neuronal apoptosis, necrotic death, and aggravate the ischemic
damage (Harari and Liao, 2010; Li et al., 2021; Li L. et al.,
2022). It should be noted that astrocytes are also involved in the
key inflammation process, that is, the recruitment of peripheral
immune cells. Astrocytes overexpress IL-15 following middle
cerebral artery occlusion (MCAO), allowing large numbers of
CD8+ T cells and NK cells to infiltrate the brain, leading to
larger infarcts and neuronal defects (Li et al., 2017; Lee et al.,
2018). In addition, astrocytes also recruit neutrophils to the
brain by secreting CXCL1 after transient MCAO, which may
worsen the outcome (Gelderblom et al., 2012; DeLong et al.,
2022). Simultaneously, astrocytes also produce several anti-
inflammation factors, such as the regulator of calcineurin 1 gene
isoform 4 (Rcan1.4) and DJ-1 (also known as PARK7) (Liu
et al., 2022). A previous study revealed that Rcan1.4 was sharply
upregulated in mouse ischemic brain and oxygen-glucose
deprivation (OGD)-induced primary astrocytes and alleviates
the inflammatory response after OGD treatment in primary
astrocytes by inhibiting NF-κB/p65 nuclear translocation and
elevating the expression of IκBα (Yang et al., 2022). Similarly,
the DJ-1 is also highly expressed in astrocytes surrounding the
infarct area, and negatively regulates the expression of TNF-α,

IL1β, and IL6 by promoting the production of SHP-1, thereby
inducing the dissociation of NLRX1 and TRAF6 (Peng et al.,
2020).

Inflammatory responses of astrocytes
can be modulated by the circadian
rhythm

In addition to multiple types of innate immune cells
that have been shown to have an intrinsic clock, including
monocytes, macrophages, mast cells, neutrophils, eosinophils,
and NK cells, the adaptive immune system is also affected
by circadian Rhythm control, including T cells and B cells.
First, it is manifested as rhythmic changes in the number and
movement of immune cells, such as T cells and B cells exhibiting
strong circadian oscillations in the blood, during the respective
behavioral rest phases of the organism (during the daytime in
mice and night time in humans), it has a peak number (Druzd
et al., 2017; Scheiermann et al., 2018), and second, a large
number of circadian clock genes have been confirmed to play
an important role in the biological function of immune cells
and can act as transcription factors to regulate the synthesis
of downstream inflammatory factors and chemokines (Curtis
et al., 2014). Similarly, in the context of a stroke, the immune
system shows significant circadian variation. Circulating T cells
were higher in (ZT)1-3 (inactive or sleep stage) compared with
ZT13-15 (active or awake stage), and in the spleen, ZT1-3 mice
had lower organ weight and immune cell number than ZT13-
15 mice. Consistently, there was an increased infiltration of
activated T cells into the brain at ZT1-3 compared with ZT13-15
(Esposito et al., 2022). Therefore, it is important to emphasize
that astrocytes constitute a complex and dynamic response
system as regulators and magnifiers of the neuroinflammatory
environment (Linnerbauer et al., 2020). The circadian clocks
have a complex bidirectional regulatory relationship with the
inflammatory response. On the one hand, the daily expression of
proinflammatory cytokines depends on the time-of-day manner
(Fonken et al., 2015), and on the other hand, inflammatory
mediators suppress the circadian clocks fluctuation and function
by targeting the central pacemaker in SCN (Cermakian et al.,
2014). Numerous studies have been reported on targeting the
improvement of inflammatory processes in astrocytes after
stroke. Previous studies revealed that Bmal1 and Clock are
involved in the astrocytes’ immune response by regulating the
NF-κB signaling pathway. Bmal1 deficient astrocytes exhibit
a more pronounced inflammatory response, specifically more
activated GFAP, more IL-1β and TNF-α (Liu et al., 2020),
and Clock is essential for p65 acetylation, which is critical for
NF-κB transactivation and downstream cytokine production
(Spengler et al., 2012). In addition, Rev-erb−/− mice exhibit
spontaneous astrocytes activation in the hippocampus and
promote NF-κB signaling by directly interacting with promoter
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regions of transcripts involved in NF-κB, and regulating the
transcription of several NF-κB related genes, including Traf2,
Nfkbib, and Nfkb2. Traf2 conveys proinflammatory signals from
the TNF receptor to NF-κB (Griffin et al., 2019). Silencing
Rev-erb expression in astrocytes was further confirmed to
decrease the survival of co-cultured neurons and lead sensibly
to hydrogen peroxide toxicity (Griffin et al., 2019; Killoy
et al., 2022). NF-κB-mediated inflammation is also regulated
by astrocytic circadian clock Per1, shRNAmiR (a technique
known as RNAi, RNA interference)-induced knockdown of
Per1 activated NF-κB signaling pathway and increased the
expression of monocyte chemoattractant protein 1 (MCP-1) and
interleukin 6 in astrocytes (Sugimoto et al., 2014; Figure 3).

Melatonin synthesis and secretion are controlled by the
SCN region and thus have a profound circadian rhythm
(Kennaway and Wright, 2002). Melatonin can be both a
biomarker and a driving force for circadian rhythm; anatomical
disruption of the melatonin pathway, such as pineal cysts,
disrupts circadian rhythms (Jin et al., 2019) and exogenous
melatonin supplementation has been shown to be able to
entrain the human circadian rhythm (Vasey et al., 2021).
Melatonin receptors play multiple roles in the regulation of
astrocytic function, influencing specific brain regions (Peters
et al., 2005). As described above, activated astrocytes lead to the
production of inflammatory cytokines and ROSs, which may
contribute to secondary neuronal injury. Melatonin treatment
after brain injury reduces astrocyte reactivity and cell death in
a dose-independent pattern in rat hippocampus and dentate
gyrus (Babaee et al., 2021). In addition, melatonin treatment
significantly abolished the effects of LPS-induced inflammation,
as indicated by decreased cytokine (TNFα, IL-1β, IL-6) and
inhibition of NF-κB phosphorylation (Ali et al., 2020). YKL-40,
an astrocytic protein encoded primarily by the gene chitinase-
3-like (Chi3l)l, is associated with an increased risk of death
from IS, by detecting the single nucleotide polymorphisms
(SNPs) of Chi3l1 and serum YKL-40 level (Rathcke et al., 2012).
Chi3l1 is critical for the astrocytic inflammatory responses
in vivo, as Chi3l1 deletion resulted in reduced astrocyte
activation as measured by GFAP staining in the hippocampus
and throughout the cortex. This regulatory effect is dominated
by the astrocyte clock Bmal1, and Chi3l1 is most responsive
to inflammation when Bmal1 transcriptional activity is at its
highest (Lananna et al., 2020). Taken together, most of the
current studies focus on the exact molecular mechanism of
astrocytes inflammation post-stroke, lacking comprehensive
perspectives on other factors (Li R. et al., 2022), including
the interference of gender, age, and circadian system on the
intensity of immune response. Circadian rhythm plays a critical
role in stroke risk/severity and immune response, which may
not only be limited to the regulation of astrocytes but also
microglia and other peripheral immune responses (Curtis
et al., 2014). Microglia display a circadian rhythm pattern and
daily variations fluctuations in underlying inflammatory gene

expression as well as inflammatory potential (Wang et al.,
2021). Timing differences in microglia priming appear to be
functionally relevant as they are reflected in diurnal differences
in disease response (Fonken et al., 2015; Yi et al., 2017; Milanova
et al., 2019). The rhythmic oscillation partially regulates immune
response by modulating the rhythmic expression of pro-
inflammatory mediators in macrophages or by controlling
a rhythmic number of Ly6Chi inflammatory monocytes in
circulation in the Bmal1-dependent manner (Medzhitov, 2008;
Geissmann et al., 2010; Nguyen et al., 2013). In the future,
we still need to clarify the influence of circadian rhythms on
inflammation, including the brain-resident immune cells and
peripheral leukocyte recruitment after IS.

Circadian rhythm plays an
important role in the regulation of
blood-brain barrier after an
ischemic stroke

Damage and repair of astrocytes on
the blood-brain barrier

The BBB is formed by a continuous layer of imperforate
endothelial cells (ECs) connected by tight junctions (TJs)
(Sweeney et al., 2019). Together with pericytes, astrocytes,
microglia, and the surrounding basement membrane, the
BBB forms a selective physical barrier that separates blood
flow from the brain parenchyma (Abdullahi et al., 2018).
Ischemic insults disrupt TJs alignment and increase vessel
permeability, rapidly leading to BBB dysfunction, and inducing
cerebral edema (Prakash and Carmichael, 2015; Dharmasaroja,
2016). Maintenance of BBB function requires the regulation
of astrocytes, and intact morphology and function of the
astrocyte boundary membrane are essential for maintaining
the integrity of the BBB. Astrocytes encapsulate neuro cells,
endothelial cells, and pericytes in polarized end-feet, providing
the cellular connection between CNS and circulation system,
known as neurovascular coupling (Markiewicz and Lukomska,
2006; Araujo et al., 2019), and therefore reducing the expression
of astrocytes and acute ablation of the major astrocyte laminin,
which is a major component of the vascular basal lamina in end-
feet that compromises the integrity of the BBB (Yao et al., 2014).
In addition to providing structural, metabolic, and nutritional
support to neurons, astrocytes also prevent the intrusion of
harmful substances such as circulating antigens (Iadecola and
Nedergaard, 2007; Nuriya et al., 2013). Acute astrocyte death
results in leakage of small and macromolecules from the
blood into the brain parenchyma and increases myeloid cell
infiltration and immunoglobulin G extravasation in models
of brain stab and spinal cord injury (Schreiner et al., 2015;
Heithoff et al., 2021). Numerous studies have also suggested
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FIGURE 3

Circadian Clock involves astrocytic function post-stroke. The components of the circadian clock Bmal1, Clock, Rev-erb, Per1, and Per2, etc. are
involved in the regulation of immune responses by astrocytes after cerebral infarction, promote astrocyte-mediated BBB repair, and inhibit
neurotoxicity and other pathological processes.

that several types of interactions between astrocytes and
the vasculature may be involved in post-stroke recovery
(Williamson et al., 2021).

A1 and A2 astrocytes with two distinct phenotypes mediated
by ischemia are similar to M1 and M2 microglia during IS.
Thus, similar to microglia, reactive astrocytes play a double-
edged role in BBB disruption after IS (Qiu et al., 2021). On
the one hand, IS or OGD injury induces the number of
activated astrocytes to aggravate BBB disruption by amplifying
inflammation injury and the secretion of soluble factors (Qiu
et al., 2021). Astrocytes are the source of the chemokine MCP-
1 and the chemokine C-X-C motif ligand 1 (CXCL-1) (Chen
et al., 2003; Gelderblom et al., 2012). MCP-1 not only affects
cytokines (IL-1β, IL-6, and TNF-α) secreted by astrocytes but
also plays a critical role in microglial activation after ischemia
(Strecker et al., 2011). CXCL-1, as a neutrophil chemotactic
agent, induces massive recruitment of neutrophils after cerebral
ischemia (Gelderblom et al., 2012). In addition, astrocytes
also produce and release vascular endothelial growth factor
(VEGF), matrix metalloproteinases (MMPs), and thymidine
phosphorylase (TYMP), which exert acceleration effects on
the integrity of BBB under the ischemic condition (Wang
et al., 2006; Chaturvedi and Kaczmarek, 2014; Hu et al.,
2022). Astrocyte-derived VEGF, MMPs, and TYMP accelerate
basement membrane (BM) degradation, reduces the expression
of TJs in endothelial cells, and aggravates BBB damage, infarct
progression, and neurological deficits (Wang et al., 2006; Argaw

et al., 2012; Chapouly et al., 2015; Tan et al., 2019). Moreover,
astrocytes can also produce lytic factors to activate microglia
and increase peripheral immune cell infiltration, thereby
indirectly enhancing inflammation-induced BBB destruction.
For example, lysophosphatidylcholine increases the expression
of MCP-1 and CCR2 in microglia via G protein-coupled
receptor 132 and P2X7R (Inose et al., 2015). Taken together,
reactive astrocytes are involved in the mechanism of complex
inflammatory milieu formation, thereby resulting in the opening
of gap junctions and disassembly of endothelial tight junction
(TJ) proteins leading to BBB damage.

In another aspect, when the BBB suffers ischemic and
hypoxia injury, an intact astrocyte boundary membrane can
partially compensate for and restore the function of the BBB
(Li L. et al., 2022). After IS, a large number of astrocyte-
derived trophic factors are released, such as VEGF, basic
fibroblast growth factor (bFGF), glial-derived neurotrophic
factor (GDNF), and angiopoietin-1 (ANG-1), which promotes
polarized maturation and maintenance of endothelial cells and
BBB (Oksanen et al., 2019; Chen and Li, 2021). Alternatively,
the release of Sonic Hedgehog (Shh) and GDNF may upregulate
capillary endothelial tight junction proteins and initiate
compensatory repair, promoting BBB recovery (Xia et al., 2013;
Liebner et al., 2018). Astrocytes can also promote BBB repair
by regulating anti-inflammatory factors, secreting IL-2, IL-10,
and TGF-β (de Bilbao et al., 2009; Luo, 2022; Yshii et al., 2022).
Pentraxin 3 (PTX3) is released upon immune responses in many
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organs, and studies have shown that astrocytes in the peri-
infarct area upregulate PTX3, which supports BBB integrity by
modulating VEGF-related mechanisms (Shindo et al., 2016).
Wnt/β-catenin signaling plays a critical role in maintaining the
integrity of the BBB in the adult brain after IS (Chang et al., 2017;
Jean LeBlanc et al., 2019), and recent research indicates that
astrocytes lacking pH-sensitive Na+/H+ exchanger 1 (NHE1)
protein are transformed from injurious to “protective” by
inducing Wnt/β-catenin production to promote BBB repair
after IS (Song et al., 2021; Figure 3).

The circadian clock is involved in the
process of astrocyte-mediated
blood-brain barrier damage

The exchange of metabolites and hormones across the BBB
is astrocyte-dependent and is dependent on sleep–wake cycles
and circadian clocks (Abbott et al., 2006; Nakazato et al., 2017;
Zhang et al., 2018, 2021). The BBB is a dynamic structure, as
the concentrations of several molecules in the CNS undergo
circadian oscillations, possibly due to their rhythmic entry into
the CNS, such as the concentration of IL-6 and TNF-α between
blood and brain peak at different phases (Pan et al., 2002;
Agorastos et al., 2014; Cuddapah et al., 2019). Many animal
models reported that circadian disruption induced by sleep
loss increased the BBB permeability, influxing large amounts of
markers such as sodium fluorescein and Evans blue (Hurtado-
Alvarado et al., 2016, 2017). Circadian clock gene Bmal1 mutant
mice were used in further research, and the results indicated
that Bmal1Nestin

−/− leads to BBB hyperpermeability, due to
the activation of astrocytes, dysfunction of pericytes, and the
drastic decrease of AQP4 in the cerebral cortex (Nakazato et al.,
2017). Although these data strongly suggest that disruption of
circadian rhythms and genetic disruption of circadian clock
proteins affect BBB homeostasis through astrocyte dysfunction
in vivo, many questions remain. The bidirectional effect of
astrocytes on BBB dysfunction and repair may be related to
the regulation of inflammation and angiogenesis. In addition,
astrocytes also play a role in repairing the BBB and maintaining
homeostasis by providing metabolic support for neurons and
their synapses (Jassam et al., 2017). Indeed, the epigenetic
differences of astrocytes at different stages of stroke and the
differences in transcriptome modification of a series of genes
also affect the bidirectional regulation of astrocytes on the BBB
(Li L. et al., 2022). Therefore, the identification of the essential
molecules that are involved in inflammation and angiogenesis,
whether regulated by circadian clocks in astrocytes continues
to be important in future studies. In addition, the crosstalk
epigenetic states of astrocytes at different stages, including
genome methylation and acetylation, and the mechanisms
involved need to be elucidated in more detail.

Involvement of circadian in
neurotoxicity and neuroprotection
after ischemic stroke

Neurotoxicity and neuroprotection of
astrocytes after ischemic stroke

Infarction of cerebral circulation results in a cessation of
neuronal electrical activity within seconds and a deterioration
in energy status and ion homeostasis within minutes.
Therefore, reduced adenosine triphosphate production (ATP)
production and sodium–potassium pump malfunction lead to
mitochondrial dysfunction and bioenergetic collapse (Amantea
and Bagetta, 2017). The pathological processes described above
lead to the deterioration of membrane ion gradients, calcium
influx, and increased release of amino acids, including toxic
concentrations of the excitatory neurotransmitter glutamate
and aspartate (Globus et al., 1988; Pan et al., 2021). In the
acute phase following ischemic injury, excessive release of
glutamate, and dramatic dysfunction of glutamate transporters
in astrocytes, accumulation of glutamate cause excitotoxicity-
mediated neuronal apoptosis death (Lai et al., 2014; Shen et al.,
2022). Not only that but reduced ATP production is also one of
the key processes leading to neuronal cell death in post-stroke.
Also, ATP released by astrocytes near synapses is rapidly
converted to adenosine, which may protect nerves by reducing
excitotoxicity (Rossi et al., 2007; Wei et al., 2011; Wang et al.,
2020). Thus, the regulation of glutamate, ATP, and oxidative
stress in astrocytes has been studied as potential targets for
stroke therapies (Yang et al., 2019; Gao et al., 2021; Ni et al.,
2022).

The circadian clocks regulate the
neuroprotective effect of astrocytes

Circadian clocks govern the oxidative response and the
release and uptake of ATP and glutamate in astrocytes. Deletion
of Bmal1 or Npas2 and Clock induces extensive astrocyte
activation, degeneration of axon terminals, and disrupted
resting-state functional connectivity (Musiek et al., 2013).
Following IS, disturbances in oxygen and glucose supply lead to
impaired mitochondrial oxidative phosphorylation and reduced
ATP release from astrocytes to the extracellular space (eATP),
which disrupts the transmembrane ion gradient regulated
by Na+/K+ ATPase, followed by induced accumulation of
extracellular glutamate, which induces excitotoxicity after
stroke, and reduced glucose uptake by neurons and astrocytes,
resulting in impaired energy metabolism (Guan et al., 2018;
Barca-Mayo and López, 2021). Intracellular ATP levels in
cortical excitatory neurons fluctuate throughout the cortex
according to the sleep-wake state, which is correlated with
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arousal, and significantly decreases during REM sleep, showing
periodic changes. This suggests that ATP metabolism in the
brain may be related to biological rhythm. As a key transit
station of ATP metabolism, the internal clock of astrocytes
has an impact on ATP metabolism, which needs further
experimental evidence (Natsubori et al., 2020). Several studies
have demonstrated that the oscillation of extracellular ATP and
glutamate display circadian rhythmicity in cultured astrocytes
(Womac et al., 2009; Brancaccio et al., 2017). In primary
cultures of SCN astrocytes, the accumulation of extracellular
ATP content followed a circadian rhythm, reaching a peak
between 24:00 and 04:00 and a trough at ∼12:00 (Svobodova
et al., 2018). The circadian pattern and overall magnitude of
ATP release in astrocytes are regulated by a functional Clock and
the Per1 and Per2 genes, and mutation mice lost the circadian
release of ATP (Marpegan et al., 2011).

The peak of extracellular glutamate occurs in the middle
and late phase of the mouse’s biological day, which may make
it a window of time when ischemia produces more damage or
cell death compared to the other circadian phase (Stubblefield
and Lechleiter, 2019). Unlike ATP, glutamate uptake by
astrocytes does not show circadian patterns, however, its uptake
levels are regulated by Clock, Per2, and NPAS2 compositions
(Beaulé et al., 2009). We deepen the link between astrocytic
neurotoxicity and the circadian system by posting recently
reported phenotypes and molecular functions of astrocytes
that are governed by the astrocytic clocks. For example, as
neurotrophic factors in astrocytes, brain-derived neurotrophic
factor (BDNF) and nerve growth factor (Nrf) 2 are involved
in regulating neuronal survival, differentiation, and synaptic
plasticity. BDNF activates Nrf2 via receptor combination of
the truncated form of Tyrosine Kinase receptor B (TrkB) T1
and the low affinity p75 neurotrophin receptor (p75NTR) in
a circadian pattern, as confirmed by experimental results that
p75NTR expression is directly controlled by the transcriptional
factor complex Clock-Bmal1 (Ishii et al., 2018, 2019).

Following ischemic injury, excessive extracellular glutamate
concentrations can lead to overstimulation of glutamate
receptors, leading to neuronal death, a phenomenon known
as excitotoxicity, and in that case, glutamate uptake from the
extracellular space plays a crucial role in preventing excitotoxic
damage (Danbolt, 2001). The excitatory amino acid transporter
(EAAT) contains five glutamate transporters: glutamate
/aspartate transporter (GLAST), glutamate transporter 1
(GLT1), excitatory amino acid carrier 1 (EAAC1), excitatory
amino acid transporter protein 4 (EAAT4), and excitatory
amino acid transporter 5 (EAAT5) or EAAT 1-5 (Storck et al.,
1992). GLAST and GLT1 are mainly expressed on astrocyte
membranes, and in the SCN region, GLAST mRNA and protein
levels exhibited a circadian rhythm under 12/12-h light-dark
conditions, whereas in Per2 mutant mice, GLAST protein
rhythm was lost, underscoring the possibility of circadian
regulation (Spanagel et al., 2005). Decreased GLAST mRNA

and protein levels were detected in astrocytes extracted from
the cortex of Npas2 and Clock mutant mice, suggesting that
glutamate uptake in astrocytes is regulated by circadian clock
genes such as Per2, Clock, and Npas2 (Beaulé et al., 2009). In
astrocytes, Clock and NPAS2 regulate the transcriptional and
translation process of GLAST and interfere in this way with
glutamate uptake (Danbolt, 2001; Beaulé et al., 2009). Therefore,
glutamate clearance in the synaptic cleft and ensuring optimal
function for precise regulation of channel proteins are essential
to prevent excitotoxic damage and avoid excitotoxicity after
cerebral infarction. Dislocation or dysfunction of the circadian
system can lead to serious consequences. In this sense, the
restoration of circadian regulation of glutamate transporters
may be associated with reduced excitotoxicity after cerebral
infarction. Further experiments are needed to verify this.
Therefore, a better understanding of the molecular mechanisms
involved in the circadian regulation of EAAT may be important
for the correct development of therapeutic strategies aimed at
preventing and/or treating those associated with excitotoxicity.
However, another study showed that lower glutamate clearance
in the inactive phase was independent of GLAST and GLT1.
It is due to the remodeling of astrocytes during the circadian
cycle, which increases the distance between astrocytes and
post-synaptic density (PSD) in the inactive phase, prolongs the
occupancy rate of glutamate transporters, and slows down the
time of glutamate clearance in extracellular space (McCauley
et al., 2020).

This generally implicates the circadian system, perhaps
particularly within astrocytes, also mediating responses to stroke
and neuronal recovery after ischemia injury by interfering
with ATP metabolism, glutamatergic signaling, and oxidative
stress response (Figure 3). By studying the effects of biological
rhythms on astrocytes after stroke, we found that many
processes have a very important impact on the promotion
and reconstruction of neurons. Many key biological processes
are regulated by biological rhythms and biological clocks,
and the intense stimulation of stroke disrupts the regulatory
balance. However, what factors are involved in the reactivation
process and their underlying mechanisms still require further
exploration and discovery by future researchers. This will not
only help us further our understanding of the mechanisms by
which astrocytes support neurons but also help us find ways to
restore the balance of astrocyte regulation after stroke.

Conclusion and perspectives

As we have discussed before, virtually all potential new
treatments for stroke, particularly those addressing neuronal
protection, have failed clinical trials. Indeed, reasons for
this may include cell-type specificity, dose limitations, or, as
we have highlighted in this review, circadian biology. New
therapeutic approaches must take into account the different
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cell types of the brain and circadian rhythm and clock genes,
especially the critical role of astrocytes in maintaining neural
integrity, regulating inflammatory homeostasis, maintaining
BBB integrity, and a range of pathological processes. These
therapeutic concepts include three aspects: chronotherapy,
environmental modification, and targeting clock genes.

As research progresses and substantial evidence indicates
that circadian rhythms govern astrocyte function and injury
response, treatment should consider that its molecular targets
may be oscillatory and may require different doses at different
times of the day. Evidence supports the role of time-of-day
changes in the efficacy of rt-PA and hemorrhagic transformation
as a potential negative consequence of rt-PA administration
(Marler et al., 1989; Liu et al., 2021). Several clinical trials have
been attempted and have shown that intravenous thrombolysis
with rt-PA between 6:00 a.m. and 6:00 p.m. appears to be
less effective and safer, and in patients who start intravenous
thrombolysis between noon and midnight, the hemorrhagic
transformation rate is lower (Cappellari et al., 2014; Liu
et al., 2021). Another study found that thrombolysis performed
during the day (9:00 a.m. to 9:00 p.m.) had better outcomes
compared to nighttime (9:00 p.m. to 9:00 a.m.) (Vilas et al.,
2012). In addition, taking ≥ 1 conventional hypertension
medication at bedtime to effectively decrease sleep BP, bedtime
hypertension chronotherapy, was associated with a better 61%
reduction in total cardiovascular disease (CVD) events such as
myocardial infarction and IS (Hermida et al., 2018, 2020).

Artificial light has been shown to direct human circadian
rhythms (Vasey et al., 2021). Exposure to dim light (20 lux)
at night induces functional changes in the circadian biological
system; housed under dark-light (20 lux) conditions, the Per
1 gene in the SCN region of mice in the trough period
is markedly elevated (Shuboni and Yan, 2010). More than
this, 5 lux dim light at night was confirmed to decrease
hippocampal VEGFA and BDNF protein levels and increase
VEGFR1 and IL-1β mRNA expressions (Walker et al., 2020).
Therefore, environmental modification may be the therapeutic
target for IS. Some researchers have proposed a new treatment
concept of exposure to bright light in the morning, exposure
to dark periods in the evening, or the use of melatonin
agonists (Cardinali et al., 2006, 2011). An emerging field of
medical intervention timing aimed at optimizing efficacy and
minimizing adverse effects (Dallmann et al., 2014). Several
clinical trials have been attempted, such as using ergonomic
circadian light, adjusting different light intensities (lux), color
temperature (Kelvin), and wavelengths (nm) to observe the
effects on physiological and psychological parameters of patients
with stroke undergoing rehabilitation therapy (NCT02186392),
and whether blue light exposure intervention improves
neuroplasticity after stroke (NCT05247125).

As mentioned earlier, the circadian clock modulates
the molecular expression and functional state of astrocytes,
therefore, another therapeutic strategy may be to alter the
phase and amplitude of the circadian clock, and many

synthetic compounds such as small molecule modification, clock
phase, amplitude, and period of circadian rhythms have been
extensively studied and are expected to be realized in the near
future in clock-targeted therapy of angiogenesis after cerebral
infarction (Chen et al., 2013). Melatonin synthesis follows a
circadian pattern (Stehle et al., 2011) and exerts neuroprotective
effects by reducing brain inflammatory response, brain edema,
and brain–blood barrier permeability after IS (Kilic et al.,
2017; Kılıç et al., 2020). The mechanism may be related
to the increase of Bmal1 and the regulation of the AKT
signaling pathway (Beker et al., 2019). Per1 variants rs2253820
knockdown suppresses the transcription of Bmal1 and Clock
and inhibits hypothalamic neuronal damage after hypoxia injury
(He et al., 2022).

In this review, we highlight the deep involvement of
circadian rhythm in stroke pathogenesis and progression. We
deepen the link between stroke and the circadian system by
linking newly reported molecular functions of astrocytes that
are controlled by the astrocytic clock. This generally implicates
the circadian system, perhaps particularly within astrocytes,
also mediating responses to stroke and neural recovery after
ischemia. However, how circadian rhythms affect post-stroke
astrocytes has not been studied, and no studies to date
have directly linked the three. This review is an overview of
astrocytes, circadian rhythms, and stroke, and further research
is needed in the future. Overall, circadian rhythms are involved
in most processes in astrocyte physiology and pathology. There
is increasing evidence that the interplay between circadian
rhythms and astrocyte pathological changes influences the
recovery process after a stroke. A better understanding of the
molecular mechanisms of the interaction between biological
rhythms and astrocytes after cerebral infarction will help to
accelerate the future development of stroke therapy and provide
new directions for future therapeutic approaches.
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