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Abstract: Circadian cycle is a fundamental characteristic of
life formed in the long-term evolution of organisms and
plays an important role in maintaining the proliferation,
migration, and activation of immune cells. Studies have
shown that circadian rhythm disorders affect the occur-
rence and development of neuroinflammation by inducing
glial cell activation and peripheral immune responses. In
this article, we briefly described the research progress of
neuroinflammation and circadian rhythm in recent years
and explored the effects and possible mechanism of circa-
dian rhythmicity on microglia, astrocytes, and peripheral
immune function.
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1 Introduction

Neuroinflammation refers to a wide range of inflammatory
responses that occur in the central nervous system (CNS),
characterized by glial cell activation, production, and
release of inflammatory mediators, and recruitment of
peripheral immune cells [1]. Neuroinflammation is an
important physiological response of the brain to defend
against infections and injuries, promote tissue repair, and
clear cellular debris and pathogens [2]. However, a large
number of pro-inflammatory mediators could be released
under excessive inflammatory stimulation, which leads to
blood-brain barrier (BBB) leakage and neurotoxic damage,

thus participating in the pathological processes of various
neurological and psychiatric disorders [3].

The circadian cycle is the regular biological activity
variation with the day-night cycle as its period that organ-
isms have developed through long-term evolution. Studies
have found that the disruption of the circadian cycle is
closely related to the immune function and inflammatory
response of the body [4]. Almost all immune cells in humans
and animals (such as microglia, neutrophils, monocytes,
and lymphocytes) could express clock genes [5,6] and are
involved in regulating the maturation and activation of
immune cells [7,8]. Therefore, the disruption of the circadian
cycle may be an important cause of mediating central and
peripheral inflammatory responses. We will review the
research progress in recent years on the disruption of the
circadian cycle and its regulation of microglia, astrocytes,
and peripheral immune cells involved in neuroinflammation.

2 Circadian cycle and clock genes

The circadian cycle is a characteristic biological process
observed in organisms at both physiological and beha-
vioral levels. For example, animal feeding, activity, sleep-
wake cycles [9], as well as fluctuations in heart rate, blood
pressure, body temperature, and some hormone levels all
exhibit rhythmicity with a period of approximately 24 h
[10]. The circadian cycle system consists of three parts:
input, central oscillator, and output. The input pathway
primarily refers to the components, like the retina, which
can perceive changes in external environmental signals
such as natural light, temperature, and feeding. These com-
ponents transmit the changes in signals to the biological
clock. The output pathway refers to the various biological
rhythms regulated by the biological clock, oscillating near
a 24 h cycle and involving various crucial physiological and
biochemical processes in the human body. In humans and
mammals, the central oscillator is mainly located in the
suprachiasmatic nucleus (SCN) of the hypothalamus. As
the pacemaker of the circadian cycle (also known as the
central clock), it can sense external environmental informa-
tion conveyed by entrainment factors (such as the light–
dark signal projection received by the retinohypothalamic
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nerve tracts), and then transmit the signal to peripheral
clocks through changes in autonomic nervous excitability
and neuroendocrine activity, adjusting its own phase to
adapt the body to the external environment.

At the molecular level, the circadian cycle is mainly
controlled by the transcription-translation negative feed-
back loop composed of core components of the biological
clock. The positive elements mainly include the Clock and
Bmal1 genes. As transcription factors, Clock and Bmal1 form
a heterodimer through the PAS (PER–ARNT–SIM) domain.
This heterodimer binds to the E-box (CACGTC) sequence in
the promoter region of downstream genes, driving the tran-
scription of target genes such as Per and Cry. When the
expression of Per and Cry increases, they can translocate
to the cell nucleus as negative elements and feedback inhibit
the activity of Clock–Bmal1. Also, the Clock–Bmal1 hetero-
dimer can activate clock-controlled genes Rev-erb and ROR
transcription, which competitively bind to the RORE site on
the Bmal1 promoter, thereby influencing the expression of
Bmal1 [11]. In addition, genes such as E4BP4, DBP, and NFIL3
can also assist in regulating the expression of the negative
feedback loop, jointly maintaining the approximate 24 h per-
iodic oscillation of the biological clock.

Natural light is the most important zeitgeber that acts
on organisms, promoting the synchronization of their cir-
cadian cycle with periodic environmental changes. Studies
have shown that factors such as urban light pollution, noc-
turne jobs, and jet lag, which cause light signals to be out of
sync with the natural light cycle, can suppress melatonin
secretion and lead to a disrupted circadian cycle, with
reduced amplitude and/or delayed phase. In addition, daily
activities such as eating, socializing, and exercise can also
affect the dynamic changes of the circadian cycle by influ-
encing the neuroendocrine system, including the secretion
of glucocorticoids to achieve synchronization of peripheral
clocks [12,13].

3 Circadian cycle disturbance and
neuroinflammation

In 1960, Halberg et al. first discovered that the mortality
rate of mice induced by lipopolysaccharide changed in a
time-dependent manner. A dose of endotoxin which is
compatible with the survival of most animals when given
during the middle of the daily dark period is highly lethal
when it is given 8–12 h earlier or later, suggesting that the
immune system may have a circadian cycle [14]. Subse-
quent studies confirmed that the number of circulating
white blood cells in the human and animal body shows

regular fluctuations within 24 h. For nocturnal mice, the
peak occurs mostly around dusk, while for humans it is
mostly around 8 am [15]. Further research found that the
proliferation, migration, and activation of immune cells
are also influenced by the circadian cycle and the expres-
sion of clock genes [16], indicating a close association
between the circadian cycle and immune inflammation.

3.1 Circadian cycle and neuroinflammatory
factors

In recent years, studies have suggested that the inflamma-
tory response in the CNS is also regulated by the circadian
cycle. Animal models exposed to night-shift work or night
light showed significantly increased levels of activated micro-
glia and proinflammatory cytokines in brain tissue, affecting
the recovery of neural function in a focal brain ischemia
model and inducing anxiety and depressive behavior
in mice [17,18]. Sleep deprivation can activate NF-κB and
increase the release of inflammatory factors such as IL-1β
and TNF-α in the hippocampus, leading to neuronal damage
[19]. IL-1β and TNF-α, as important cell factors that mediate
inflammatory damage, are believed to be closely related to
the regulation of the sleep–wake cycle and sleep phase in the
body. Studies have shown that IL-1β and TNF-α mRNA levels
in the brain tissue of experimental animals exhibit significant
circadian rhythm changes that are consistent with changes in
the sleep–wake cycle. Inhibiting the expression of IL-1β and
TNF-α can reduce the spontaneous non-rapid eye movement
sleep in experimental animals [20–22], confirming that pro-
inflammatory cytokines may be important factors in med-
iating the interaction between circadian cycle and neuroim-
mune function.

3.2 Circadian cycle and microglia

Microglia are the most common resident immune cells in
the CNS. Lineage tracing studies have shown that microglia
originate from precursor cells in the yolk sac erythromye-
loid lineage and migrate to the neural tube during early
embryonic development. They then settle in the brain par-
enchyma and maintain their numbers through continuous
self-renewal [23]. Microglia exhibit high plasticity and het-
erogeneity. In the adult brain, microglia in a steady state
exhibit a small, highly branched morphology (M0 pheno-
type) and dynamically sense changes in the microenviron-
ment. They interact extensively with neurons, astrocytes,

2  Xinzi Xu et al.



and oligodendrocytes, among others, to perform important
physiological functions such as immune surveillance, synaptic
remodeling, and clearance of cellular debris [24–26]. Once
exposed to abnormal conditions, microglia can be rapidly
activated into an amoeboid shape and transform into multiple
functional phenotypes in response to various stimuli, thereby
enhancing phagocytic activity and regulating inflammatory
responses [27]. Receptors associated with phagocytic function
include chemokine CX3C receptor 1, triggering receptor
expressed on myeloid cells 2, purinergic receptor P2Y12,
complement component receptors, and integrin αM subu-
nits, among others [28]. In the classical activation pathway,
microglia can be activated to the M1 proinflammatory phe-
notype by stimuli such as damage or pathogens such as
lipopolysaccharide, interferon-γ, and β-amyloid protein.
This leads to the release of large amounts of proinflam-
matory factors such as TNF-α, IL-18, IL-1β, and nitro-
gen-containing substances and reactive oxygen species,
triggering antigen presentation-mediated adaptive immu-
nity [29]. Microglia also exhibit an alternative activation
M2 phenotype, which mainly expresses anti-inflamma-
tory cytokines and growth factors such as IL-4, IL-10, and
TGF-β. This plays an important role in suppressing inflam-
matory responses, protecting and repairing neurons, among
other functions [30].

In recent years, transcriptomic analysis has revealed
functional heterogeneity among subpopulations of micro-
glia [31]. Besides external environmental stimuli, the phe-
notype of microglia is tightly regulated to some extent by
their intrinsic characteristics [32]. It is believed that the
endogenous circadian system is one of the important fac-
tors influencing microglial activation and phenotype trans-
formation [8]. In 2011, Nakazato et al. first demonstrated
the expression of clock genes, such as Per1 and Per2, in
primary cultured microglia and BV2 cells [33]. Subsequent
studies also confirmed the periodic oscillation of endo-
genous clock genes in microglia at the level of in vitro
and ex vivo isolation and purification. Among them, the
secretion peak of Per1 and Per2 occurs at Zeitgeber time
(ZT) 14, which is 2 h into the dark phase, while the peak of
Rev-erb appears at ZT18 [5]. It is worth noting that different
clock gene expressions can mediate structural and func-
tional changes in microglia, leading them to follow the
circadian cycle consistent with the central clock. Studies
have shown that compared to the sleep phase (i.e., light
phase), microglial processes in the wakefulness phase of
the mouse cortex are longer and the number of branches
increases [34]. P2Y12 receptor, as a microglial surface-spe-
cific protein, is an important signaling molecule that drives
its directional movement and cell tropism [35]. During
wakefulness, the secretion of cathepsin S by microglia

can mediate changes in cell morphology and increase pro-
cess length by activating its own P2Y12 receptor [34]. On the
other hand, the circadian cycle is also closely related to the
phagocytic function and immune activity of microglia.
Research shows that under conditions of light exposure,
the inflammatory activity of rat microglia is enhanced,
with a significant increase in the production and release
of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6. At
this time, the phagocytic function of microglia is weakened,
and the expression of surface activation marker protein
CD11b, complement pathway, and milk fat globule epi-
dermal growth factor 8 (MFG-E8) are inhibited [36]. MFG-
E8 acts as a soluble bridging molecule, which binds to
microglia integrin subunit αγβ3 or αγβ5 to induce its pha-
gocytic function. Bmal1, as one of the core clock genes, is
believed to be associated with rhythmic changes in micro-
glial function. Wang et al. [37] found that when Bmal1 gene
was knocked down in mice and BV2 cell models exposed to
LPS, it could lead to downregulation of pro-inflammatory
cytokine expression, upregulation of antioxidant and anti-
inflammatory gene expression, and the mechanism of which
requires further investigation. Clock-controlled gene Rev-erb
also plays an important role in the molecular clock and neu-
roinflammatory regulation of microglia. Wolff et al. observed
that after intervening with the primary microglia cells using
the Rev-erb gene activator SR9011, SR9011 interferes with the
rhythmic secretion of cells, participates in inhibiting their
inflammatory activity and phagocytic function, and downre-
gulates the mitochondrial respiration and ATP production of
microglial cells [38]. In addition, research shows that the
negative feedback transcription factor E4bp4 can also down-
regulate the activation of microglia by directly binding to the
D-box element in the promoter region to inhibit the MAPK/
ERK signaling pathway [39].

3.3 Circadian cycle and astrocytes

Astrocytes are the largest type of glial cells in the CNS, with
multiple elongated branches that fill the CNS. They form
extensive connections with neurons, oligodendrocytes, and
microglia, and participate in important processes such as
synapse formation, regulation of neuronal activity, and
maintenance of the integrity of the BBB in physiological
conditions [40]. However, in pathological situations such as
trauma, infection, and ischemia, astrocytes rapidly respond
by forming reactive astrocytes (RAS) characterized by
hypertrophy, proliferation, and molecular remodeling
[41]. Currently, it is generally believed that RAS induced
by inflammatory and ischemic stimuli have significant
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differences in gene expression and are respectively named
classical astrocytes (A1 type) and selective astrocytes (A2
type) [42]. A1-type astrocytes are the main source of the
synaptic destructive classical complement cascade compo-
nents (C3 and C4B), and can release neurotoxins such as
long-chain saturated lipids, causing neuronal and oligoden-
drocyte death. A2-type astrocytes can release various neuro-
trophic factors such as vascular endothelial growth factor
and have neuroprotective effects [43]. Therefore, astrocytes
also play an important role in neuroinflammatory reactions.

Traditional views hold that the circadian cycle is con-
trolled by the electrical activity coupling of different neuron
subgroups within the SCN. However, recent studies have
found that astrocytes are also an indispensable part of the
regulation of the SCN circadian cycle [44]. On the one hand,
astrocytes can influence neuronal activity by regulating
extracellular levels of gamma-aminobutyric acid (GABA)
and glutamate, thereby mediating the regulation of the
SCN circadian cycle [45,46]. When glutamate release from
astrocytes is inhibited, neuronal Ca2+ rhythmic oscillations
are impaired, and the SCN loses synchronized rhythms [46].
Specific loss of the Bmal1 gene can delay the phase of auton-
omous movement in mice by affecting the expression of
neuronal clock proteins through the GABA signal [45]. On
the other hand, astrocytes can autonomously initiate and
maintain the oscillation of SCN clock genes and rhythmic
behavioral expression in adult animals and cells. Research
has found that transfection of SCN astrocytes with a lenti-
viral vector overexpressing the Cry gene can restore the
daily circadian rhythms and behavior of Cry knockout
mice [47]. In addition, disruption of the circadian clock
genes also affects the biological functions of astrocytes.
Abnormal activation and increased release of pro-inflamma-
tory cytokines can be observed in astrocytes with Bmal1 gene
knockout, possibly due to inhibition of the glutathione-S-trans-
ferase signaling pathway [48]. The low-affinity nerve growth
factor receptor p75NTR is also a circadian clock gene that con-
tains evolutionarily conserved E-box enhancers and can be
directly regulated by Clock–Bmal1 heterodimers [49]. It has
been found that rhythmic expression of p75NTR can mediate
the daily metabolic balance of glucose or glycogen in astro-
cytes, and lactate generated by glycolysis can be transferred
from astrocytes to neurons to meet their energy demands [50].

3.4 Circadian cycle and peripheral immune
system

In the past, due to the belief that the brain has special
anatomical and physiological features, such as the lack of

a lymphatic drainage system and specific antigen-pre-
senting cells, as well as the presence of the BBB that
restricts the entry of pathogens and immune cells, it has
been considered as one of the body’s immune privileged
sites. However, current research has shown that there
exists a complex lymphatic drainage network in the brain,
composed of perivascular spaces (VRS), glial lymphatic
system, and meningeal lymphatic vessels, which allows
peripheral immune cells to enter the cerebrospinal fluid
and VRS under physiological conditions, playing an immu-
nosurveillance role [51,52]. Under pathological stimulation,
most cells in the CNS, such as microglia, astrocytes, and
neurons, can express the major histocompatibility complex
(MHC), playing an antigen-presenting role [53,54]. In addi-
tion, sustained activation of microglia and astrocytes can
cause BBB leakage, leading to the infiltration, adhesion,
and migration of a large number of neutrophils and lym-
phocytes into the CNS, further mediating neuroinflammatory
responses [55]. However, some studies have also shown that in
the neuroinflammatory response induced by autoimmune
encephalomyelitis models, microglia may not primarily func-
tion as antigen-presenting cells, but rather through infiltrated
dendritic cells expressing MHC class II molecules to mediate T-
cell immune responses [56]. Therefore, there exist complex
interactions between the peripheral immune system and the
CNS, involving multiple pathological processes in the neuroim-
mune response.

The circadian cycle plays an important role in the reg-
ulation of the peripheral immune system. Most peripheral
immune cells, including innate and adaptive immune cells,
have their own molecular clock and exhibit significant
rhythmic differences during recruitment and activation
processes [15,57,58]. Studies have found that the bone
marrow chemokine CXCL12 is regulated by the hypotha-
lamic sympathetic–parasympathetic nervous system in
a circadian manner, leading to periodic fluctuations in
CXCL12 levels and activation of the CXCR4 receptor to
maintain the daily rhythmic changes in the number of
neutrophils in the blood reserve in the bone marrow
[59]. In addition, Bmal1 can regulate neutrophil transcrip-
tion and migration by controlling the CXCR2 and CXCR4
signaling pathways, respectively, and exert pro-/anti-aging
effects on neutrophils [7]. In macrophages, the circadian
cycle affects the signaling pathways of macrophage pattern
recognition receptors, inflammatory mediators, and phago-
cytic activity [60]. Krüppel-like factor 4 (KLF4) expression is
thought to be a time-specific molecule, and its periodic
secretion is involved in the regulation of macrophage
phenotype and the rhythmic expression of inflammatory
factors. KLF4 expression is downregulated in aging
macrophages, and disrupting the circadian rhythms of
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macrophages after inhibiting KLF4 gene expression further
confirms the close relationship between circadian rhythms
expression and disruption of the innate immune state [61].
Studies have suggested that the clock gene REV-ERBα med-
iates the expression of the PI3K/Akt signaling pathway and is
involved in regulating the diurnal rhythm of macrophage
polarization [62], indicating that REV-ERBα could also be a
potential drug intervention target for regulating the circa-
dian rhythms and inflammatory response. Similarly, adap-
tive immune responses also exhibit rhythmicity. Studies
have shown that the strength of the immune response
induced by antigen immunization at different times of the
day varies significantly. Compared to nighttime, more CD8+
T cells are produced in response to antigen immunization at
noon, and the rhythmic response disappears after knocking
out the Bmal1 gene in T cells, further confirming the impor-
tance of circadian rhythms in regulating adaptive immune
responses [63].

4 Conclusion

As an important characteristic of adaptive evolution in
organisms, the circadian cycle is involved in various life
processes at multiple levels, including the organism, organ,
and cellular levels. Disruptions in the circadian cycle are
closely related to neuroinflammation, where the disrup-
tion of the rhythmicity of microglia, astrocytes, and per-
ipheral immune function mediate abnormal phenotypic
transformation and secretion activity of inflammatory cells,
promoting the development of neuroinflammation. However
the mechanisms by which disruptions in the circadian cycle
regulate neuroinflammation are not fully understood, and
some of which involve themodulation of sleep and the expres-
sion of NLRP3 inflammasomes [64,65]. Therefore, further
exploration of the molecular patterns of circadian rhythms
regulation and the specific mechanisms of its interaction
with neuroinflammation may be an important research direc-
tion in the future.

Funding information: The youth project of Wuhan
Municipality’s Health and Family Planning Commission
(No. WZ21Q08) and Wuhan Application Foundation Frontier
Project (No. 2020020601012302) funded this work.

Conflict of interest: Authors state no conflict of interest.

Data availability statement: Data sharing is not applicable
to this article as no datasets were generated or analyzed
during the current study.

References
[1] Han VX, Patel S, Jones HF, Dale RC. Maternal immune activation and

neuroinflammation in human neurodevelopmental disorders. Nat
Rev Neurol. 2021 Sep;17(9):564–79.

[2] Candelario-Jalil E, Dijkhuizen RM, Magnus T. Neuroinflammation,
stroke, blood-brain barrier dysfunction, and imaging modalities.
Stroke. 2022 May;53(5):1473–86.

[3] Leng F, Edison P. Neuroinflammation and microglial activation in
Alzheimer disease: where do we go from here? Nat Rev Neurol.
2021 Mar;17(3):157–72.

[4] Fonken LK, Nelson RJ. The effects of light at night on circadian
clocks and metabolism. Endocr Rev. 2014 Aug;35(4):648–70.

[5] Hayashi Y, Koyanagi S, Kusunose N, Okada R, Wu Z, Tozaki-Saitoh H,
et al. The intrinsic microglial molecular clock controls synaptic
strength via the circadian expression of cathepsin S. Sci Rep. 2013
Sep 25;3:2744.

[6] Silver AC, Arjona A, Hughes ME, Nitabach MN, Fikrig E. Circadian
expression of clock genes in mouse macrophages, dendritic cells,
and B cells. Brain Behav Immun. 2012 Mar;26(3):407–13.

[7] Adrover JM, Del Fresno C, Crainiciuc G, Cuartero MI, Casanova-
Acebes M, Weiss LA, et al. A neutrophil timer coordinates immune
defense and vascular protection. Immunity. 2019
Feb;50(2):390–402.e10.

[8] Fonken LK, Frank MG, Kitt MM, Barrientos RM, Watkins LR,
Maier SF. Microglia inflammatory responses are controlled by an
intrinsic circadian clock. Brain Behav Immun. 2015 Mar;45:171–9.

[9] Hut RA, Beersma DG. Evolution of time-keeping mechanisms: early
emergence and adaptation to photoperiod. Philos Trans R Soc
Lond B Biol Sci. 2011 Jul;366(1574):2141–54.

[10] Haghayegh S, Smolensky MH, Khoshnevis S, Hermida RC,
Castriotta RJ, Diller KR. The circadian rhythm of thermoregulation
modulates both the sleep/wake cycle and 24 h pattern of arterial
blood pressure. Compr Physiol. 2021 Oct;11(4):2645–58.

[11] Sulli G, Rommel A, Wang X, Kolar MJ, Puca F, Saghatelian A, et al.
Pharmacological activation of REV-ERBs is lethal in cancer and
oncogene-induced senescence. Nature. 2018 Jan;553(7688):351–5.

[12] Refinetti R. Entrainment of circadian rhythm by ambient tempera-
ture cycles in mice. J Biol Rhythms. 2010 Aug;25(4):247–56.

[13] Pickel L, Sung HK. Feeding rhythms and the circadian regulation of
metabolism. Front Nutr. 2020 Apr;7:39.

[14] Halberg F, Johnson EA, Brown BW, Bittner JJ. Susceptibility rhythm
to E. coli endotoxin and bioassay. Proc Soc Exp Biol Med. 1960
Jan;103:142–4.

[15] He W, Holtkamp S, Hergenhan SM, Kraus K, de Juan A, Weber J,
et al. circadian expression of migratory factors establishes lineage-
specific signatures that guide the homing of leukocyte subsets to
tissues. Immunity. 2018 Dec;49(6):1175–90.e7.

[16] Timmons GA, O’Siorain JR, Kennedy OD, Curtis AM, Early JO. Innate
rhythms: Clocks at the center of monocyte and macrophage func-
tion. Front Immunol. 2020 Aug;11:1743.

[17] Fonken LK, Bedrosian TA, Zhang N, Weil ZM, DeVries AC, Nelson RJ.
Dim light at night impairs recovery from global cerebral ischemia.
Exp Neurol. 2019 Jul;317:100–9.

[18] Guerrero-Vargas NN, Zárate-Mozo C, Guzmán-Ruiz MA, Cárdenas-
Rivera A, Escobar C. Time-restricted feeding prevents depressive-like
and anxiety-like behaviors in male rats exposed to an experimental
model of shift-work. J Neurosci Res. 2021 Feb;99(2):604–20.

[19] Guo B, Chen C, Yang L, Zhu R. Effects of dexmedetomidine on
postoperative cognitive function of sleep deprivation rats based on

Circadian cycle and neuroinflammation  5



changes in inflammatory response. Bioengineered. 2021
Dec;12(1):7920–8.

[20] Taishi P, Chen Z, Obál F Jr, Hansen MK, Zhang J, Fang J, et al. Sleep-
associated changes in interleukin-1beta mRNA in the brain.
J Interferon Cytokine Res. 1998 Sep;18(9):793–8.

[21] Szentirmai É, Kapás L. Sleep and body temperature in TNFα
knockout mice: The effects of sleep deprivation, β3-AR stimulation
and exogenous TNFα. Brain Behav Immun. 2019 Oct;81:260–71.

[22] Nguyen J, Gibbons CM, Dykstra-Aiello C, Ellingsen R, Koh KMS,
Taishi P, et al. Interleukin-1 receptor accessory proteins are
required for normal homeostatic responses to sleep deprivation.
J Appl Physiol. 19852019 Sep;127(3):770–80.

[23] Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al.
Fate mapping analysis reveals that adult microglia derive from
primitive macrophages. Science. 2010 Nov;330(6005):841–5.

[24] Novosadová Z, Polidarová L, Sládek M, Sumová A. Alteration in
glucose homeostasis and persistence of the pancreatic clock in
aged mPer2Luc mice. Sci Rep. 2018 Aug;8(1):11668.

[25] Peferoen L, Kipp M, van der Valk P, van Noort JM, Amor S.
Oligodendrocyte-microglia cross-talk in the central nervous
system. Immunology. 2014 Mar;141(3):302–13.

[26] Wolf SA, Boddeke HW, Kettenmann H. Microglia in physiology and
disease. Annu Rev Physiol. 2017 Feb;79:619–43.

[27] Orihuela R, McPherson CA, Harry GJ. Microglial M1/M2 polarization
and metabolic states. Br J Pharmacol. 2016 Feb;173(4):649–65.

[28] Fu R, Shen Q, Xu P, Luo JJ, Tang Y. Phagocytosis ofmicroglia in the central
nervous system diseases. Mol Neurobiol. 2014 Jun;49(3):1422–34.

[29] Batista CRA, Gomes GF, Candelario-Jalil E, Fiebich BL, de
Oliveira ACP. Lipopolysaccharide-induced neuroinflammation as a
bridge to understand neurodegeneration. Int J Mol Sci. 2019
May;20(9):2293.

[30] Tang Y, Le W. Differential roles of M1 and M2 microglia in neuro-
degenerative diseases. Mol Neurobiol. 2016 Mar;53(2):1181–94.

[31] Lopes KP, Snijders GJL, Humphrey J, Allan A, Sneeboer MAM,
Navarro E, et al. Genetic analysis of the human microglial tran-
scriptome across brain regions, aging and disease pathologies. Nat
Genet. 2022 Jan;54(1):4–17.

[32] Stratoulias V, Venero JL, Tremblay MÈ, Joseph B. Microglial sub-
types: diversity within the microglial community. EMBO J. 2019
Sep;38(17):e101997.

[33] Nakazato R, Takarada T, Yamamoto T, Hotta S, Hinoi E, Yoneda Y.
Selective upregulation of Per1 mRNA expression by ATP through
activation of P2X7 purinergic receptors expressed in microglial
cells. J Pharmacol Sci. 2011;116(4):350–61.

[34] Nakanishi H, Ni J, Nonaka S, Hayashi Y. Microglial circadian clock
regulation of microglial structural complexity, dendritic spine
density and inflammatory response. Neurochem Int. 2021
Jan;142:104905.

[35] Haynes SE, Hollopeter G, Yang G, Kurpius D, Dailey ME, Gan WB,
et al. The P2Y12 receptor regulates microglial activation by extra-
cellular nucleotides. Nat Neurosci. 2006 Dec;9(12):1512–9.

[36] Choudhury ME, Miyanishi K, Takeda H, Islam A, Matsuoka N,
Kubo M, et al. Phagocytic elimination of synapses by microglia
during sleep. Glia. 2020 Jan;68(1):44–59.

[37] Wang XL, Wolff SEC, Korpel N, Milanova I, Sandu C, Rensen PCN,
et al. Deficiency of the circadian clock gene bmal1 reduces micro-
glial immunometabolism. Front Immunol. 2020 Dec;11:586399.

[38] Wolff SEC, Wang XL, Jiao H, Sun J, Kalsbeek A, Yi CX, et al. The effect
of rev-erbα agonist SR9011 on the immune response and cell
metabolism of Microglia. Front Immunol. 2020 Sep;11:550145.

[39] Chen M, Zhang L, Shao M, Du J, Xiao Y, Zhang F, et al. E4BP4
coordinates circadian control of cognition in delirium. Adv Sci
(Weinh). 2022 Aug;9(23):e2200559.

[40] Zhou B, Zuo YX, Jiang RT. Astrocyte morphology: Diversity, plasti-
city, and role in neurological diseases. CNS Neurosci Ther. 2019
Jun;25(6):665–73.

[41] Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta
Neuropathol. 2010 Jan;119(1):7–35.

[42] Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, et al.
Genomic analysis of reactive astrogliosis. J Neurosci. 2012
May;32(18):6391–410.

[43] Escartin C, Galea E, Lakatos A, O’Callaghan JP, Petzold GC, Serrano-
Pozo A, et al. Reactive astrocyte nomenclature, definitions, and
future directions. Nat Neurosci. 2021 Mar;24(3):312–25.

[44] Ruben MD, Hogenesch JB. Circadian rhythms: Move over neurons -
astrocytes mediate SCN clock function. Curr Biol. 2017
May;27(9):350–2.

[45] Tso CF, Simon T, Greenlaw AC, Puri T, Mieda M, Herzog ED.
Astrocytes regulate daily rhythms in the suprachiasmatic nucleus
and behavior. Curr Biol. 2017 Apr;27(7):1055–61.

[46] Brancaccio M, Edwards MD, Patton AP, Smyllie NJ, Chesham JE,
Maywood ES, et al. Cell-autonomous clock of astrocytes drives
circadian behavior in mammals. Science. 2019
Jan;363(6423):187–92.

[47] Brancaccio M, Patton AP, Chesham JE, Maywood ES, Hastings MH.
Astrocytes control circadian timekeeping in the suprachiasmatic
nucleus via glutamatergic signaling. Neuron. 2017
Mar;93(6):1420–35.e5.

[48] Lananna BV, Nadarajah CJ, IzumoM, CedeñoMR, Xiong DD, Dimitry J,
et al. Cell-autonomous regulation of astrocyte activation by the cir-
cadian clock protein BMAL1. Cell Rep. 2018 Oct;25(1):1–9.e5.

[49] Baeza-Raja B, Eckel-Mahan K, Zhang L, Vagena E, Tsigelny IF,
Sassone-Corsi P, et al. p75 neurotrophin receptor is a clock gene
that regulates oscillatory components of circadian and metabolic
networks. J Neurosci. 2013 Jun;33(25):10221–34.

[50] Baeza-Raja B, Li P, Le Moan N, Sachs BD, Schachtrup C, Davalos D,
et al. p75 neurotrophin receptor regulates glucose homeostasis
and insulin sensitivity. Proc Natl Acad Sci U S A. 2012
Apr;109(15):5838–43.

[51] Klarica M, Radoš M, Orešković D. The movement of cerebrospinal
fluid and its relationship with substances behavior in cerebrospinal
and interstitial fluid. Neuroscience. 2019 Aug;414:28–48.

[52] Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al.
Structural and functional features of central nervous system lym-
phatic vessels. Nature. 2015 Jul;523(7560):337–41.

[53] Goddery EN, Fain CE, Lipovsky CG, Ayasoufi K, Yokanovich LT,
Malo CS, et al. Microglia and perivascular macrophages act as
antigen presenting cells to promote CD8 T cell infiltration of the
brain. Front Immunol. 2021 Aug;12:726421.

[54] Salvioni A, Belloy M, Lebourg A, Bassot E, Cantaloube-Ferrieu V,
Vasseur V, et al. Robust control of a brain-persisting parasite
through MHC I presentation by infected neurons. Cell Rep. 2019
Jun;27(11):3254–68.e8.

[55] Sanmarco LM, Polonio CM, Wheeler MA, Quintana FJ. Functional
immune cell-astrocyte interactions. J Exp Med. 2021
Sep;218(9):e20202715.

[56] Mundt S, Mrdjen D, Utz SG, Greter M, Schreiner B, Becher B.
Conventional DCs sample and present myelin antigens in the
healthy CNS and allow parenchymal T cell entry to initiate neu-
roinflammation. Sci Immunol. 2019 Jan;4(31):eaau8380.

6  Xinzi Xu et al.



[57] Suárez-Barrientos A, López-Romero P, Vivas D, Castro-Ferreira F,
Núñez-Gil I, Franco E, et al. Circadian variations of infarct size in
acute myocardial infarction. Heart. 2011 Jun;97(12):970–6.

[58] Hand LE, Gray KJ, Dickson SH, Simpkins DA, Ray DW, Konkel JE, et al.
Regulatory T cells confer a circadian signature on inflammatory
arthritis. Nat Commun. 2020 Apr;11(1):1658.

[59] García-García A, Korn C, García-Fernández M, Domingues O,
Villadiego J, Martín-Pérez D, et al. Dual cholinergic signals regulate
daily migration of hematopoietic stem cells and leukocytes. Blood.
2019 Jan;133(3):224–36.

[60] O’Siorain JR, Curtis AM. Circadian control of redox reactions in the
macrophage inflammatory response. Antioxid Redox Signal. 2022
Oct;37(10–12):664–78.

[61] Blacher E, Tsai C, Litichevskiy L, Shipony Z, Iweka CA, Schneider KM,
et al. Aging disrupts circadian gene regulation and function in
macrophages. Nat Immunol. 2022 Feb;23(2):229–36.

[62] Cui L, Jin X, Xu F, Wang S, Liu L, Li X, et al. Circadian rhythm-
associated Rev-erbα modulates polarization of decidual macro-
phage via the PI3K/Akt signaling pathway. Am J Reprod Immunol.
2021 Sep;86(3):e13436.

[63] Nobis CC, Dubeau Laramée G, Kervezee L, Maurice De Sousa D,
Labrecque N, Cermakian N. The circadian clock of CD8 T cells
modulates their early response to vaccination and the rhythmicity
of related signaling pathways. Proc Natl Acad Sci U S A. 2019
Oct;116(40):20077–86.

[64] Kou L, Chi X, Sun Y, Han C, Wan F, Hu J, et al. The circadian
clock protein Rev-erbα provides neuroprotection and
attenuates neuroinflammation against Parkinson’s disease via the
microglial NLRP3 inflammasome. J Neuroinflammation. 2022
Jun;19(1):133.

[65] Zielinski MR, Gibbons AJ. Neuroinflammation, sleep, and circadian
rhythms. Front Cell Infect Microbiol. 2022 Mar;12:853096.

Circadian cycle and neuroinflammation  7


	1 Introduction
	2 Circadian cycle and clock genes
	3 Circadian cycle disturbance and neuroinflammation
	3.1 Circadian cycle and neuroinflammatory factors
	3.2 Circadian cycle and microglia
	3.3 Circadian cycle and astrocytes
	3.4 Circadian cycle and peripheral immune system

	4 Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


