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Abstract  
The neuropsychiatric disease named obsessive-compulsive disorder is composed by obsessions 
and/or compulsions. Obsessive-compulsive disorder etiologies are undefined. However, numerous 
mechanisms in several localizations are implicated. Some studies showed that both glutamate, 
inflammatory factors and oxidative stress could have main functions in obsessive-compulsive 
disorder. Glycogen synthase kinase-3β, the major negative controller of the WNT/β-catenin pathway 
is upregulated in obsessive-compulsive disorder. In obsessive-compulsive disorder, some studies 
presented the actions of the different circadian clock genes. WNT/β-catenin pathway and circadian 
clock genes appear to be intricate. Thus, this review focuses on the interaction between circadian 
clock genes and the WNT/β-catenin pathway in obsessive-compulsive disorder.
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Introduction 
The neuropsychiatric disease named obsessive-compulsive disorder (OCD) 
affects around one to 2% of people during their life (Pellegrini et al., 2020). 
OCD is composed by distinctive compulsions or/and obsessions and involves 
significant disorders for people and their surroundings. OCD etiologies are 
undefined. However, numerous mechanisms in several localizations are 
implicated, as the brain’s limbic system, orbitofrontal cortex, basal ganglia, 
neurotransmitters and thalamus (Noh et al., 2017). Moreover, associations 
between biochemical and neuro-anatomical mechanisms remain unclear 
(Bloch et al., 2014). OCD patients show anxiety and obsessions due to an 
highly response to threatening the different stimulation processes (Apergis-
Schoute et al., 2017; Rouhani et al., 2019) and deficits in extinction of fear 
(Dougherty et al., 2018). Currently, oxidative stress (OS) (Alici et al., 2016), 
inflammation (Attwells et al., 2017) and glutamatergic pathway (Grassi and 
Pallanti, 2018) can play major functions in OCD etiologies. Few investigations 
showed the interaction between circadian rhythms (CRs) and OCD (Paterson 
et al., 2013). Recently, WNT/β-catenin pathway is known to be dysregulated 
in OCD (Thompson and Dulawa, 2019) and the association between WNT/
β-catenin pathway and CRs become to be better understanding. Thus, this 
review focuses on the interaction between circadian clock genes and the 
WNT/β-catenin pathway in OCD.

Search Strategy and Selection Criteria 
Studies cited in this narrative review published from 1980 to 2020 were 
searched on the PubMed database using the following keywords: obsessive-
compulsive disorder, oxidative stress, inflammation, WNT/β-catenin pathway, 
glutamate, circadian clock genes, circadian rhythms.

Pathophysiology of Obsessive-Compulsive 
Disorder
Obsessive-compulsive disorder and Oxidative stress
OS mechanism is an the interaction between generation and destruction 
of reactive oxygen species (ROS) and reactive nitrogen species (Duracková, 
2010). The production of ROS is involved by cell affections numerous lipids 
oxidation or nitration, proteins and DNA. The NADPH oxidase enzyme 
implicates ROS through the oxidation of intracellular NDAPH to NADP+. The 
deregulation of the mitochondria is correlated with the excess of production 
of ROS and the decrease in the production of ATP showing the increase 
of the OS mechanism (Vallée et al., 2021c). The factors of inflammation, 
including leukocytes, are generated from the affect localizations to enhance 
the re-uptake of O2 releasing and accumulating the ROS. NADPH oxidase, 
stimulated by inflammatory factors, can leads to OS (Vallée and Lecarpentier, 
2018). Superoxide dismutase (SOD), a major antioxidant, is produced by the 
stimulation of OS. Moreover, its activation is associated with the increase in 

cell damages through the production of H2O2 (Behl et al., 2010). Glutathione 
peroxidases are enzymes catalyzing hydroperoxide reduction at the level of 
glutathione (Behl et al., 2010). 

Free radicals lead to the diminution in efficacy of synapses (Cobley, 2018) 
through the affections of synaptic potentials (Pellmar, 1987). Free radicals 
can alter the membrane lipids through peroxidation of lipids, causing the 
depletion in  ATP, and damages in neurons and DNA (Phaniendra et al., 2015). 
Central nervous system (CNS) is mainly associated to free-radical-induced 
alterations, with their high-function-oxygenation of organs and their low 
in catalase activities (Pellmar et al., 1989). The CNS presents high rate of 
polyunsaturated fatty acids and iron but fewer levels of glutathione and SOD 
(Behl et al., 2010). Numerous findings showed that ROS-neuronal alteration 
has a main function in the development of neuropsychiatric disorders through 
the stimulation of the activity of SOD (Oswald et al., 2018). Comorbidities in 
OCD present the possible enhancement of the basal ganglia process (Parolari 
et al., 2021). Depression symptom is associated with stimulated of activity 
of monoamine oxidase and increased rates of antioxidant. Currently, SOD 
rates are elevated in patients with OCD face to non-OCD patients (Behl et al., 
2010). Increased rate of production of ROS metabolites, affecting the activity 
of catalase, or augmentation of the generation of hydroxyl ions leading 
to the reduction of activation of catalase (Pigeolet et al., 1990). Several 
investigations have presented an association between OCD and OS through 
the enhancement of ROS and defense by antioxidants (Behl et al., 2010). 
Moreover, free-radicals affect cellular structure and MMP compounds by 
altering genetic structure, OS, dysregulation in mitochondria and impaired 
metabolism (Alici et al., 2016).

Inflammation 
Some findings have highlighted the major function involved through 
inflammation in the etiology of psychiatric diseases (Khandaker et al., 
2017). In OCD initiation, the association of immune system  process and 
inflammatory factors has been shown recently (Grassi and Pallanti 2018). 
Some findings have shown that both inflammation and immune mechanism 
can lead to children OCD through increased CD16+ monocytes in comparison 
to non-OCD participants (Rodríguez et al., 2017). 

However, evidence of inflammatory factors and autoimmune system in 
process of OCD could be not restrained to children and acute OCD forms but 
may be also observed in adults (Mataix-Cols et al., 2018). Inflammatory role of 
factors in OCD was reinforced through the increased level of anti-basal ganglia 
antibodies compared to control subjects (Gnanavel et al., 2017). Significantly 
higher rates of cytokines and inflammation markers were shown in OCD 
patients, including TNF-α and interleukins, compared to non-OCD patients 
(Rao et al., 2015). In OCD patients, by the use of PET imagery, observed 
inflammatory factors in the cortico-striatal-thalamo-cortical circuit leads for 
the activation of microglial cell (Attwells et al., 2017).
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Microglial deregulation
Microglia are little cells of the macrophage stages from progenitors of 
hematopoiesis observed in brain. These cells can be observed in brain due 
to their macrophage markers expression (Wolf et al., 2017). Microglia can 
be quiescent in physiological circumstances and can be stimulated under 
immune conditions. Microglia can operate on neurogenesis control (Diaz-
Aparicio et al., 2020), and neuronal and homeostasis regulation (Li and Barres, 
2018). Under pathological circumstances, the over-stimulation of microglia 
implicates brain infiltration by macrophages (Li and Barres, 2018). In OCD, 
microglia present a specific action on these mechanisms (Greer and Capecchi, 
2002). Nevertheless, these processes remain unknown.

Glutamate
In OCD, the dysregulation of glutamate pathway could be the main target in 
pharmacological studies. In OCD, glutamate is the major neurotransmitter 
of the cortico-striatal-thalamo-cortical circuit (Batistuzzo et al., 2021). 
Glutamate neurons are involved in the brain function compared to serotonin 
and dopamine, utilized by a fewer neuronal cells. Some OCD findings have 
presented a glutamatergic deregulation (Marinova et al., 2017; Grassi and 
Pallanti, 2018). 

Glutamate pathway has a main function for plasticity of neurons, learning  
and memory (Javitt et al., 2011). SLC1A1 (solute carrier, family 1, member 
1) gene can be considered as the major candidate gene for OCD patients 
(Huang et al., 2021). SLC1A1 participates in the neuronal excitatory EEAT3 
(Na+-dependent amino acid transporter 3). In astrocytes, EAAT1 and EAAT2 
are the major glutamate transporters while EAAT3 is major in neurons. In 
astrocytes, glutamate is transformed into glutamine to be release. Neurons 
reuptake glutamine to re-converted it into glutamate (Daikhin and Yudkoff, 
2000). EAAT3 role is to modulate glutamate pathway controlling pre-synaptic 
N-methyl-D-asparate and metabotropic glutamate receptors activity (Delgado-
Acevedo et al., 2019). The activity of EAAT3 is deregulated by the stimulation 
of glycogen synthase kinase (GSK)-3β activity (Abousaab and Lang, 2016).

Higher rates of glutamate in OCD patients were observed in cerebrospinal 
fluid (Chakrabarty et al., 2005; Ting and Feng, 2008). Furthermore, some 
findings focused on magnetic resonance spectroscopy showed stimulated 
glutamatergic pathway and associated brain components, such as central 
nodes of the cortico-striatal-thalamo-cortical circuit in OCD (Grassi and 
Pallanti, 2018). Moreover, genetic pathways have also shown an association 
between glutamatergic genes and OCD symptoms (Xu et al., 2019). 

The Canonical WNT/β-Catenin Pathway
The WNT/β-catenin pathway is implicated in several signals and molecular 
signaling, including cell proliferation, embryogenesis, cell migration and cell 
polarity, apoptosis, and organogenesis (Loh et al., 2016). However, the WNT/
β-catenin pathway can be deregulated during numerous pathological states, 
including chronic inflammation, neurological diseases, metabolic diseases, 
tissue fibrotic and cancer processes (Oren and Smith, 2017).

The WNT/β-catenin pathway belongs to the family of secreted lipid-modified 
glycoproteins (Al-Harthi, 2012). WNT ligands are generated by neurons and 
immune sytem cells of the CNS (Wang et al., 2021). 

GSK-3β is one of the major negative modulators of the WNT/β-catenin 
pathway (Vallée et al., 2021a, b, c). GSK-3β is a negative controller of the 
WNT/β-catenin pathway. GSK-3β is implicated in modulation of numerous 
pathological pathways, including cell membrane signaling, cell polarity, and 
inflammatory process (Duda et al., 2020). GSK-3β interacts by downregulating 
cytoplasmic β-catenin and stabilizes it leading to its migration into the 
nucleus. Inflammatory process is an age-associated mechanism correlated 
with stimulation of GSK-3β and the diminution of WNT/β-catenin pathway 
(Orellana et al., 2015). 

Mutant mice of OCD present higher rates of GSK-3β. GSK-3β activity may 
be a therapeutic perseverative behaviors (Thompson and Dulawa, 2019). 
Alterations of GSK-3β activity is involved in the initiation of several disorders, 
as neuropsychiatric diseases (Giese, 2009). 

Obsessive-Compulsive Disorder and WNT 
Pathway 
In OCD, few findings have shown the implication of the WNT/β-catenin 
pathway. Brain-derived neurotrophic factor (BDNF) is a well-known factor 
associated with psychiatric disorders (Motamedi et al., 2017). BDNF is mainly 
generated in the CNS and participates in neuron viability (Colucci-D’Amato 
et al., 2020). A study has presented that BDNF over-activation involves the 
growth of neurons in association with the WNT/β-catenin pathway through 
the diminution of GSK-3β (Yang et al., 2015). BDNF activation enhances the 
stimulation of the PI3/Akt signaling. Akt signaling is a major negative regulator 
of the activity of the GSK-3β (Tayyab et al., 2018). Furthermore, findings show 
that the downregulation of BDNF may be correlated to OCD (Hall et al., 2003) 
or with a sub-phenotype (Timpano et al., 2011). Recent investigations have 
shown that different types of BDNF genes are correlated with OCD (Wendland 
et al., 2007). 

The sequential bind of beta-catenin with a alpha-catenin is responsible for 
this action in the case of CDH2/N-cadherin (Shapiro et al., 2007). N-cadherin 
is essential for cerebral mechanisms, such as long-term potentiation and 

synaptic adhesion and to control glutamatergic receptors (Kawauchi et al., 
2010).

Loss of the integrity of this target domain enhances the loss of function 
of adhesion (Oyama et al., 1994). N845 is observed in the ‘interaction 
region 2′ by which N-cadherin binds with β-catenin (Huber et al., 1999). A 
hydrogen bind is composed in association with a β-catenin domain. In OCD, 
in N-cadherin, N845S mutation is required to control cadherin–β-catenin 
binding (Moya et al., 2013). Cadherins binds to the WNT/β-catenin pathway 
in many mechanisms (Chen et al., 2021). Cadherins are associated with the 
actin cytoskeleton by their interactions with β-catenin, acting to the adherens 
junction (Diaz et al., 2021). The cellular mechanisms that N-cadherin can 
functionally interact with LRP5/6 implicate AXIN recruitment, forming a 
complex AXIN–LRP5 leading to AXIN-linking domains in the cytosol with LRP5 
(Marie and Haÿ, 2013). In OCD, the decrease of both BDNF and N-cadherin is 
correlated with the decrease of the WNT/β-catenin pathway.

WNT/β-catenin pathway and oxidative stress 
The production of ROS is correlated with the diminution of the WNT/β-catenin 
pathway through the separation of β-catenin to TCF/LEF to Forkhead box 
class O (FoxO) (Almeida et al., 2009). This mechanism implicates the cytosolic 
accumulation of β-catenin in association with FoxO, acting as a cofactor, 
and then stimulating FoxO nuclear activity (Rao et al., 2021). FoxO activates 
the expression of apoptotic genes (Nasrollahzadeh et al., 2021). FoxO3a 
interrupts the cell-cycle by the diminution of the expression of cyclin D1 (Yang 
et al., 2021). The stimulation of FoxO induces of apoptosis (Nasrollahzadeh et 
al., 2021). Nevertheless, the stimulation of the WNT/β-catenin pathway can 
diminish FoxO3a in the cytoplasm to counteract mitochondrial membrane 
permeability loss, release of cytochrome c, Bad phosphorylation, and the 
stimulation of caspases activities (Shang et al., 2010). 

Interplay between inflammation and the WNT/β-catenin pathway 
The activation of WNT/β-catenin signaling decreases inflammatory markers 
and enhances neuroprotective actions through several interplays between 
astrocytes and microglia-macrophages (Halleskog et al., 2011; L’episcopo et 
al., 2011).

Numerous findings have observed an opposing interplay between the WNT/
β-catenin and nuclear factor kappa B (NF-κB) pathways (Ma and Hottiger, 
2016). The NF-ϰB transcription factor family comprises 5 compounds in the 
cytoplasm under non-stimulated circumstances: NF-κB 1 (p50/p105), NF-
κB 2 (p52/p100), RelA (p65), RelB and c-Rel (Mitchell et al., 2016). Β-catenin 
complexes with both the compounds RelA and p50 to diminish NF-κB 
signaling (Deng et al., 2002). Furthermore, by binding to the PI3K, β-catenin 
decreases the NF-κB signaling pathway (Jiang et al., 2021). Downregulating 
role of β-catenin focused on the NF-κB pathway was observed in several 
cells (Ma and Hottiger, 2016). Moreover, the activation of GSK-3β inhibits 
β-catenin to stimulate the NF-κB signaling (Liu et al., 2020). Upregulation of 
β-catenin expression is correlated with increased PI3K/Akt pathway leading 
to a decrease in inflammatory response (Jiang et al., 2021). NF-κB pathway 
stimulation inhibits the complex β-catenin/TCF/LEF by increasing LZTS2 in 
cancer cells (Cho et al., 2008). The inhibitor DKK1 is targeting by the NF-
κB pathway to enhance an opposing interplay for inhibiting the β-catenin 
expression in cytoplasm (Fliniaux et al., 2008). GSK-3β control the modulation 
of β-catenin expression through a direct interaction with the NF-κB pathway 
(Beurel et al., 2010). 

Interplay between WNT/β-catenin pathway and glutamate
The modulation of the expression of β-catenin is associated with the 
stimulation or the inhibition of both EAAT2 and GS in astrocytes by stimulated 
TCF/LEF complex formation (Lutgen et al., 2016). In prefrontal cortex, the 
decrease of expression of β-catenin induces decreased activity of both 
EAAT2 and GS (Lutgen et al., 2016). The decrease of β-catenin in astrocytes 
was correlated with decrease of the expression of both EAAT2 and GS 
(Lecarpentier et al., 2020). Deregulation of the WNT/β-catenin signaling 
involves a glutamatergic excitotoxicity leading to the stimulation of both OS 
and inflammation (Lecarpentier et al., 2020). 

Circadian rhythms in obsessive-compulsive disorder
CRs are autonomic 24-hour cycles form gene expression to behaviour which 
occur in the environmental inputs and dysregulation of the expressions 
of lifetime rhythms could be implicated in pathologies (Roenneberg and 
Merrow, 2016). Recent studies have observed that CRs can play a main 
action in psychiatric disorders (Taylor and Hasler, 2018). Several immune and 
cerebral axis are modulated by CRs. The dysregulation of CRS could be mainly 
associated with impairment of these lifetime processes (McClung, 2013). 
Nevertheless, in OCD few studies have observed the function of CRs (Nota 
et al., 2015; Cox and Olatunji, 2019). Patients who present OCD symptoms 
can show dysregulation of sleep phase occurring some disorders (Schubert 
and Coles, 2013). Production of both cortisol and melatonin is damaged in 
OCD patients (Kluge et al., 2007) and total sleep time is decreased (Cox and 
Olatunji, 2016; Coles et al., 2020; Vitale et al., 2020).

Circadian clock genes
Numerous mechanisms are modulated by the circadian “clock” (circadian 
locomotors output cycles kaput). The circadian clock is shown to be in 
the hypothalamic suprachiasmatic nucleus. CRs are endogenous and 
entrainable free-running steps which last around 24 hours. Several markers 
could modulate CRs. These gene markers are called brain and muscle aryl-
hydrocarbon receptor nuclear translocator-like 1 (Bmal1), cryptochrome (Cry), 
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circadian locomotor output cycles kaput (Clock) and period (Per) (Gekakis et 
al., 1998; Figure 1). They are modulated by opposed self-feedback-regulations 
controlled (Reppert and Weaver, 2002). Clock and Bmal1 dimerize and involve 
to the transcription of Per and Cry (Ko and Takahashi, 2006). The dimer 
formed by Per/Cry decreases its stimulation by a negative loop. It translocates 
back to the nucleus to decrease the Clock/Bmal1 heterodimer to decrease its 
proper activation (Ko and Takahashi, 2006). The dimer Clock/Bmal1 stimulates 
the transcription of retinoic acid-related orphan nuclear receptors and Rev-
Erbs. By a positive loop, retinoic acid-related orphan nuclear receptors 
activate the stimulation of Bmal1, while by a negative loop, Rev-Erbs decrease 
their proper activation (Ko and Takahashi, 2006). 

Figure 1 ｜ Interplay between the cross-regulation of the different circadian clock 
genes.
Bmal1: Brain and muscle aryl-hydrocarbon receptor nuclear translocator-like 1; Clock: 
circadian locomotor output cycles kaput; Cry: cryptochrome; Per: period. 

activity (Green et al., 2007) (Figure 2). Decreased PPARγ expression alters the 
CR role of 15-Deoxy-D 12,14-prostaglandin J2 (Yang et al., 2012). A negative 
loop is well-known between PPARγ and the WNT/β-catenin pathway (Vallée 
et al., 2021). The PI3K/Akt signaling, which is modulated in a positive manner 
by β-catenin, acts by the phosphorylation of GSK-3β to inhibit PPARγ (Grimes 
and Jope, 2001). PPARγ agonists diminish β-catenin levels through stimulating 
GSK-3β activity (Jeon et al., 2016). Furthermore, PPARγ agonists activate DKK1 
to inhibit the WNT/β-catenin pathway (Gustafson et al., 2010). PPARγ agonists 
activate GSK-3β to directly inhibit β-catenin cytosolic levels (Jeon et al., 2016). 
Moreover, β-catenin decreases in a direct manner the NFκB pathway (Beurel 
et al., 2010). 

Figure 2 ｜ Interactions between the different molecular pathways involved and 
circadian clock genes in obsessive-compulsive disorder.
Bmal1: Brain and muscle aryl-hydrocarbon receptor nuclear translocator-like 1; 
Clock: circadian locomotor output cycles kaput; Cry: cryptochrome; EEAT2: glutamate 
transporter; GSK: glycogen synthase kinase; Per: period; PPARγ: peroxisome proliferator-
activated receptor gamma. Interplay between oxidative stress and circadian rhythms

The dysregulation of Per involves OS in concordance with circadian oscillations 
(Beaver et al., 2012). The inhibition of Per enhances OS injuries (Krishnan 
et al., 2009). In neurons, Per deletion causes oxidative injuries (Krishnan et 
al., 2008). High rates of cortex oxidative damages are correlated to Bmal1 
depletion (Musiek, 2015). At cerebral level, Bmal1 modulates in a direct 
manner the expression of several redox defense genes (Musiek, 2015).

Interplay between inflammation and circadian rhythms 
Cytokines and chemokines are produces in a CR manner (Segal et al., 2018). 
Cytokine expression can be observed at different blood levels along the day 
stages. The dimer Bmal1/Clock can modulate the observed levels. Stimulation 
of Clock gene is associated with stimulation of NF-κB signaling (Spengler et 
al., 2012). The decrease of Clock gene by Bmal1 is also associated with the 
diminution of the activity of NF-κB. Moreover, Cry diminishes the protein 
kinase A to decrease the expression of inflammatory makers (Narasimamurthy 
et al., 2012). 

Interplay between glutamate and CRs 
Very little findings had focused on this possible association. However, light-
modulation in CNS functions are controlled through the glutamate expression 
(Biello et al., 2018). The receptors N-methyl-D-asparate possess behavioral 
shifts controlled by light (Colwell et al., 1990). In astrocytes, glutamatergic 
pathway is a major modulator of the control of CR action in the CNS 
(Brancaccio et al., 2019). Glutamate controls the rhythmicity of the dimer Per/
Cry (Brancaccio et al., 2017). 

Interplay between WNT/β-catenin pathway and CRs
Retinoic acid-related orphan nuclear receptors modulate the β-catenin 
expression (Chen, 2004). CRs genes could modulate the cell cycle stages 
through the modulation of the WNT/β-catenin pathway (Soták et al., 2014). 
Bmal1 decrease is correlated with the decrease of the WNT/β-catenin 
pathway (Guo et al., 2012). WNT-related genes rates are augmented 
compared to the levels of Bmal1 in CRs knockdown mice (Janich et al., 2011). 
The cellular progression cycle is  controlled by Bmal1 which stimulates the 
WNT/β-catenin pathway (Lin et al., 2013). Bmal1 enhances the transcription 
of β-catenin, decreases the degradation of β-catenin and then, downregulates 
the GSK-3β activity (Sahar and Sassone-Corsi, 2009). The depletion of Per2 
stimulates β-catenin expression (Yang et al., 2009). In CNS normal states, CR 
genes act in particular circles to maintain the molecular and cellular clock-
works. CR genes permit the modulation of the other peripheral clocks genes 
(Reppert and Weaver, 2002). Per1 and Per2 keep cell CRs and control target 
genes activities, such as c-Myc (Sancar et al., 2004).

In parallel, peroxisome proliferator-activated receptor gamma (PPARγ) binds 
the clock genes (Chen and Yang, 2014). PPARs are implicated in several 
cellular mechanisms, including, proteins metabolism, lipids metabolism, cell 
differentiation, adipocyte differentiation, insulin sensitivity and inflammatory 
process (Hernandez-Quiles et al.,  2021). PPARγ ligands, including 
thiazolidinediones, can diminish inflammation  (Wang et al., 2016). PPARγ 
interacts with clock genes and presents diurnal modulations (Wang et al., 
2008). Diurnal rhythms  dysregulation were involved by the decrease of PPARγ 
expression (Yang et al., 2012). PPARγ controls CRs signals in a direct manner 
(Yang et al., 2012). PPARγ agonists could activate Bmal1, the heterodimer 
Clock/Bmal1 (Wang et al., 2010) and Rev-Erbs (Fontaine et al., 2003). 
Decrease of Nocturin is associated with the decrease of PPARγ oscillations. 
In normal conditions, Nocturin acts on PPARγ to activate its transcriptional 

Conclusion
Few findings have studied the interaction between CRs and OCD. In OCD, very 
few studies have still studying the WNT/β-catenin pathway. However, in OCD 
patients,  the over-activity of the GSK-3β, one of the major negative controller 
of the WNT/β-catenin pathway, which is consistent with a decrease of the 
WNT/β-catenin pathway in this disorder. The dysregulation of this signaling 
coupled with a deregulation in CRs could be a novel mechanism to better 
understand the pathophysiology of OCD characterized by OS, inflammation 
and dysregulated glutamate. Further clinical and animal studies are needed 
to better understanding the links between circadian clock genes and their 
expression with OCD. 

Author contributions: Manuscript writing: AV.  All authors participated in 
re-writing, editing, and validation, contributed equally to this review, and 
approved the final manuscript. 
Conflicts of interest: The authors declare no conflicts of interest. 
Open access statement: This is an open access journal, and 
articles are distributed under the terms of the Creative Commons 
AttributionNonCommercial-ShareAlike 4.0 License, which allows others 
to remix, tweak, and build upon the work non-commercially, as long as 
appropriate credit is given and the new creations are licensed under the 
identical terms.

References
Abousaab A, Lang F (2016) Up-regulation of excitatory amino acid transporters EAAT3 

and EAAT4 by lithium sensitive glycogen synthase kinase GSK3ß. Cell Physiol Biochem 
40:1252-1260.

Al-Harthi L (2012) Wnt/β-catenin and its diverse physiological cell signaling pathways in 
neurodegenerative and neuropsychiatric disorders. J Neuroimmune Pharmacol 7:725-
730.

Alici D, Bulbul F, Virit O, Unal A, Altindag A, Alpak G, Alici H, Ermis B, Orkmez M, Taysi 
S, Savas H (2016) Evaluation of oxidative metabolism and oxidative DNA damage in 
patients with obsessive-compulsive disorder. Psychiatry Clin Neurosci 70:109-115.

Almeida M, Ambrogini E, Han L, Manolagas SC, Jilka RL (2009) Increased lipid oxidation 
causes oxidative stress, increased peroxisome proliferator-activated receptor-gamma 
expression, and diminished pro-osteogenic Wnt signaling in the skeleton. J Biol Chem 
284:27438-27448.

Apergis-Schoute AM, Gillan CM, Fineberg NA, Fernandez-Egea E, Sahakian BJ, Robbins 
TW (2017) Neural basis of impaired safety signaling in obsessive compulsive disorder. 
Proc Natl Acad Sci U S A 114:3216-3221.

Attwells S, Setiawan E, Wilson AA, Rusjan PM, Mizrahi R, Miler L, Xu C, Richter MA, Kahn 
A, Kish SJ, Houle S, Ravindran L, Meyer JH (2017) Inflammation in the neurocircuitry of 
obsessive-compulsive disorder. JAMA Psychiatry 74:833-840.

Batistuzzo MC, Sottili BA, Shavitt RG, Lopes AC, Cappi C, de Mathis MA, Pastorello B, 
Diniz JB, Silva RMF, Miguel EC, Hoexter MQ, Otaduy MC (2021) Lower ventromedial 
prefrontal cortex glutamate levels in patients with obsessive-compulsive disorder. 
Front Psychiatry 12:668304.

Beaver LM, Klichko VI, Chow ES, Kotwica-Rolinska J, Williamson M, Orr WC, Radyuk SN, 
Giebultowicz JM (2012) Circadian regulation of glutathione levels and biosynthesis in 
Drosophila melanogaster. PLoS One 7:e50454.



NEURAL REGENERATION RESEARCH｜Vol 17｜No. 10｜October 2022｜2129

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

Behl A, Swami G, Sircar SS, Bhatia MS, Banerjee BD (2010) Relationship of possible stress-
related biochemical markers to oxidative/antioxidative status in obsessive-compulsive 
disorder. Neuropsychobiology 61:210-214.

Beurel E, Michalek SM, Jope RS (2010) Innate and adaptive immune responses regulated 
by glycogen synthase kinase-3 (GSK3). Trends Immunol 31:24-31.

Biello SM, Bonsall DR, Atkinson LA, Molyneux PC, Harrington ME, Lall GS (2018) 
Alterations in glutamatergic signaling contribute to the decline of circadian 
photoentrainment in aged mice. Neurobiol Aging 66:75-84.

Bloch MH, Bartley CA, Zipperer L, Jakubovski E, Landeros-Weisenberger A, Pittenger C, 
Leckman JF (2014) Meta-analysis: hoarding symptoms associated with poor treatment 
outcome in obsessive-compulsive disorder. Mol Psychiatry 19:1025-1030.

Brancaccio M, Edwards MD, Patton AP, Smyllie NJ, Chesham JE, Maywood ES, Hastings 
MH (2019) Cell-autonomous clock of astrocytes drives circadian behavior in mammals. 
Science 363:187-192.

Brancaccio M, Patton AP, Chesham JE, Maywood ES, Hastings MH (2017) Astrocytes 
control circadian timekeeping in the suprachiasmatic nucleus via glutamatergic 
signaling. Neuron 93:1420-1435.

Chakrabarty K, Bhattacharyya S, Christopher R, Khanna S (2005) Glutamatergic 
dysfunction in OCD. Neuropsychopharmacology 30:1735-1740.

Chen L, Yang G (2014) PPARs integrate the mammalian clock and energy metabolism. 
PPAR Res doi: 10.1155/2014/653017.

Chen TL (2004) Inhibition of growth and differentiation of osteoprogenitors in mouse 
bone marrow stromal cell cultures by increased donor age and glucocorticoid 
treatment. Bone 35:83-95.

Chen X, Xiang H, Yu S, Lu Y, Wu T (2021) Research progress in the role and mechanism of 
Cadherin-11 in different diseases. J Cancer 12:1190-1199.

Cho HH, Song JS, Yu JM, Yu SS, Choi SJ, Kim DH, Jung JS (2008) Differential effect of 
NF-kappaB activity on beta-catenin/Tcf pathway in various cancer cells. FEBS Lett 
582:616-622.

Cobley JN (2018) Synapse pruning: mitochondrial ROS with their hands on the shears. 
Bioessays 40:e1800031.

Coles ME, Schubert J, Stewart E, Sharkey KM, Deak M (2020) Sleep duration and timing in 
obsessive-compulsive disorder (OCD): evidence for circadian phase delay. Sleep Med 
72:111-117.

Colucci-D’Amato L, Speranza L, Volpicelli F (2020) Neurotrophic factor BDNF, physiological 
functions and therapeutic potential in depression, neurodegeneration and brain 
cancer. Int J Mol Sci 21:7777.

Colwell CS, Ralph MR, Menaker M (1990) Do NMDA receptors mediate the effects of light 
on circadian behavior? Brain Res 523:117-120.

Cox RC, Olatunji BO (2016) A systematic review of sleep disturbance in anxiety and 
related disorders. J Anxiety Disord 37:104-129.

Cox RC, Olatunji BO (2019) Circadian rhythms in obsessive-compulsive disorder: recent 
findings and recommendations for future research. Curr Psychiatry Rep 21:54.

Daikhin Y, Yudkoff M (2000) Compartmentation of brain glutamate metabolism in 
neurons and glia. J Nutr 130:1026S-1031S.

Delgado-Acevedo C, Estay SF, Radke AK, Sengupta A, Escobar AP, Henríquez-Belmar F, 
Reyes CA, Haro-Acuña V, Utreras E, Sotomayor-Zárate R, Cho A, Wendland JR, Kulkarni 
AB, Holmes A, Murphy DL, Chávez AE, Moya PR (2019) Behavioral and synaptic 
alterations relevant to obsessive-compulsive disorder in mice with increased EAAT3 
expression. Neuropsychopharmacology 44:1163-1173.

Deng J, Miller SA, Wang HY, Xia W, Wen Y, Zhou BP, Li Y, Lin SY, Hung MC (2002) beta-
catenin interacts with and inhibits NF-kappa B in human colon and breast cancer. 
Cancer Cell 2:323-334.

Diaz A, Martin-Jimenez C, Xu Y, Merino P, Woo Y, Torre E, Yepes M (2021) Urokinase-
type plasminogen activator-mediated crosstalk between N-cadherin and β-catenin 
promotes wound healing. J Cell Sci 134:jcs255919.

Diaz-Aparicio I, Paris I, Sierra-Torre V, Plaza-Zabala A, Rodríguez-Iglesias N, Márquez-
Ropero M, Beccari S, Huguet P, Abiega O, Alberdi E, Matute C, Bernales I, Schulz A, 
Otrokocsi L, Sperlagh B, Happonen KE, Lemke G, Maletic-Savatic M, Valero J, Sierra A 
et al. (2020) Microglia actively remodel adult hippocampal neurogenesis through the 
phagocytosis secretome. J Neurosci 40:1453-1482.

Dougherty DD, Brennan BP, Stewart SE, Wilhelm S, Widge AS, Rauch SL (2018) 
Neuroscientifically informed formulation and treatment planning for patients with 
obsessive-compulsive disorder: a review. JAMA Psychiatry 75:1081-1087.

Duda P, Akula SM, Abrams SL, Steelman LS, Gizak A, Rakus D, McCubrey JA (2020) GSK-3 
and miRs: master regulators of therapeutic sensitivity of cancer cells. Biochim Biophys 
Acta Mol Cell Res 1867:118770.

Ďuračková Z (2010) Some current insights into oxidative stress. Physiol Res 59:459-469.
Fliniaux I, Mikkola ML, Lefebvre S, Thesleff I (2008) Identification of dkk4 as a target of 

Eda-A1/Edar pathway reveals an unexpected role of ectodysplasin as inhibitor of Wnt 
signalling in ectodermal placodes. Dev Biol 320:60-71.

Fontaine C, Dubois G, Duguay Y, Helledie T, Vu-Dac N, Gervois P, Soncin F, Mandrup 
S, Fruchart JC, Fruchart-Najib J, Staels B (2003) The orphan nuclear receptor Rev-
Erbalpha is a peroxisome proliferator-activated receptor (PPAR) gamma target gene 
and promotes PPARgamma-induced adipocyte differentiation. J Biol Chem 278:37672-
37680.

Gekakis N, Staknis D, Nguyen HB, Davis FC, Wilsbacher LD, King DP, Takahashi JS, Weitz 
CJ (1998) Role of the CLOCK protein in the mammalian circadian mechanism. Science 
280:1564-1569.

Giese KP (2009) GSK-3: a key player in neurodegeneration and memory. IUBMB Life 
61:516-521.

Gnanavel S, Parmar A, Sharan P (2017) Anti-basal ganglia antibodies (ABGA) and 
excitatory neurotransmitters in obsessive-compulsive disorder (OCD). Eur Psychiatry 
41:S70.

Grassi G, Pallanti S (2018) Current and up-and-coming pharmacotherapy for obsessive-
compulsive disorder in adults. Expert Opin Pharmacother 19:1541-1550.

Green CB, Douris N, Kojima S, Strayer CA, Fogerty J, Lourim D, Keller SR, Besharse JC (2007) 
Loss of Nocturnin, a circadian deadenylase, confers resistance to hepatic steatosis and 
diet-induced obesity. Proc Natl Acad Sci U S A 104:9888-9893.

Greer JM, Capecchi MR (2002) Hoxb8 is required for normal grooming behavior in mice. 
Neuron 33:23-34.

Grimes CA, Jope RS (2001) The multifaceted roles of glycogen synthase kinase 3beta in 
cellular signaling. Prog Neurobiol 65:391-426.

Guo B, Chatterjee S, Li L, Kim JM, Lee J, Yechoor VK, Minze LJ, Hsueh W, Ma K (2012) The 
clock gene, brain and muscle Arnt-like 1, regulates adipogenesis via Wnt signaling 
pathway. FASEB J 26:3453-3463.

Gustafson B, Eliasson B, Smith U (2010) Thiazolidinediones increase the wingless-type 
MMTV integration site family (WNT) inhibitor Dickkopf-1 in adipocytes: a link with 
osteogenesis. Diabetologia 53:536-540.

Hall D, Dhilla A, Charalambous A, Gogos JA, Karayiorgou M (2003) Sequence variants 
of the brain-derived neurotrophic factor (BDNF) gene are strongly associated with 
obsessive-compulsive disorder. Am J Hum Genet 73:370-376.

Halleskog C, Mulder J, Dahlström J, Mackie K, Hortobágyi T, Tanila H, Kumar Puli L, Färber K, 
Harkany T, Schulte G (2011) WNT signaling in activated microglia is proinflammatory. 
Glia 59:119-131.

Hernandez-Quiles M, Broekema MF, Kalkhoven E (2021) PPARgamma in metabolism, 
immunity, and cancer: unified and diverse mechanisms of action. Front Endocrinol 
(Lausanne) 12:624112.

Huang X, Liu J, Cong J, Zhang X (2021) Association between the SLC1A1 glutamate 
transporter gene and obsessive-compulsive disorder in the Chinese Han population. 
Neuropsychiatr Dis Treat 17:347-354.

Huber O, Kemler R, Langosch D (1999) Mutations affecting transmembrane segment 
interactions impair adhesiveness of E-cadherin. J Cell Sci 112:4415-4423.

Janich P, Pascual G, Merlos-Suárez A, Batlle E, Ripperger J, Albrecht U, Cheng HY, Obrietan 
K, Di Croce L, Benitah SA (2011) The circadian molecular clock creates epidermal stem 
cell heterogeneity. Nature 480:209-214.

Javitt DC, Schoepp D, Kalivas PW, Volkow ND, Zarate C, Merchant K, Bear MF, Umbricht D, 
Hajos M, Potter WZ, Lee CM (2011) Translating glutamate: from pathophysiology to 
treatment. Sci Transl Med 3:102mr2.

Jeon M, Rahman N, Kim YS (2016) Wnt/β-catenin signaling plays a distinct role in methyl 
gallate-mediated inhibition of adipogenesis. Biochem Biophys Res Commun 479:22-
27.

Jiang K, Yang J, Song C, He F, Yang L, Li X (2021) Enforced expression of miR-92b blunts 
E. coli lipopolysaccharide-mediated inflammatory injury by activating the PI3K/AKT/
β-catenin pathway via targeting PTEN. Int J Biol Sci 17:1289-1301.

Kawauchi T, Sekine K, Shikanai M, Chihama K, Tomita K, Kubo K, Nakajima K, Nabeshima 
Y, Hoshino M (2010) Rab GTPases-dependent endocytic pathways regulate neuronal 
migration and maturation through N-cadherin trafficking. Neuron 67:588-602.

Khandaker GM, Dantzer R, Jones PB (2017) Immunopsychiatry: important facts. Psychol 
Med 47:2229-2237.

Kluge M, Schüssler P, Künzel HE, Dresler M, Yassouridis A, Steiger A (2007) Increased 
nocturnal secretion of ACTH and cortisol in obsessive compulsive disorder. J Psychiatr 
Res 41:928-933.

Ko CH, Takahashi JS (2006) Molecular components of the mammalian circadian clock. 
Hum Mol Genet doi: 10.1093/hmg/ddl207.

Krishnan N, Davis AJ, Giebultowicz JM (2008) Circadian regulation of response to 
oxidative stress in Drosophila melanogaster. Biochem Biophys Res Commun 374:299-
303.

Krishnan N, Kretzschmar D, Rakshit K, Chow E, Giebultowicz JM (2009) The circadian 
clock gene period extends healthspan in aging Drosophila melanogaster. Aging (Albany 
NY) 1:937-948.

Lecarpentier Y, Schussler O, Hébert JL, Vallée A (2020) Molecular mechanisms underlying 
the circadian rhythm of blood pressure in normotensive subjects. Curr Hypertens Rep 
22:50.

L’episcopo F, Serapide MF, Tirolo C, Testa N, Caniglia S, Morale MC, Pluchino S, Marchetti 
B (2011) A Wnt1 regulated Frizzled-1/β-Catenin signaling pathway as a candidate 
regulatory circuit controlling mesencephalic dopaminergic neuron-astrocyte crosstalk: 
therapeutical relevance for neuron survival and neuroprotection. Mol Neurodegener 
6:49.

Li Q, Barres BA (2018) Microglia and macrophages in brain homeostasis and disease. Nat 
Rev Immunol 18:225-242.

Lin F, Chen Y, Li X, Zhao Q, Tan Z (2013) Over-expression of circadian clock gene Bmal1 
affects proliferation and the canonical Wnt pathway in NIH-3T3 cells. Cell Biochem 
Funct 31:166-172.

Liu JJ, Shentu LM, Ma N, Wang LY, Zhang GM, Sun Y, Wang Y, Li J, Mu YL (2020) Inhibition 
of NF-κB and Wnt/β-catenin/GSK3β signaling pathways ameliorates cardiomyocyte 
hypertrophy and fibrosis in streptozotocin (STZ)-induced type 1 diabetic rats. Curr 
Med Sci 40:35-47.

Loh KM, van Amerongen R, Nusse R (2016) Generating cellular diversity and spatial form: 
Wnt signaling and the evolution of multicellular animals. Dev Cell 38:643-655.

Lutgen V, Narasipura SD, Sharma A, Min S, Al-Harthi L (2016) β-Catenin signaling positively 
regulates glutamate uptake and metabolism in astrocytes. J Neuroinflammation 
13:242.

Ma B, Hottiger MO (2016) Crosstalk between Wnt/β-catenin and NF-κB signaling pathway 
during inflammation. Front Immunol 7:378.

Marie PJ, Haÿ E (2013) Cadherins and Wnt signalling: a functional link controlling bone 
formation. Bonekey Rep 2:330.



2130  ｜NEURAL REGENERATION RESEARCH｜Vol 17｜No. 10｜October 2022

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

Marinova Z, Chuang DM, Fineberg N (2017) Glutamate-modulating drugs as a potential 
therapeutic strategy in obsessive-compulsive disorder. Curr Neuropharmacol 15:977-
995.

Mataix-Cols D, Frans E, Pérez-Vigil A, Kuja-Halkola R, Gromark C, Isomura K, Fernández 
de la Cruz L, Serlachius E, Leckman JF, Crowley JJ, Rück C, Almqvist C, Lichtenstein 
P, Larsson H (2018) A total-population multigenerational family clustering study of 
autoimmune diseases in obsessive-compulsive disorder and Tourette’s/chronic tic 
disorders. Mol Psychiatry 23:1652-1658.

McClung CA (2013) How might circadian rhythms control mood? Let me count the ways.. 
Biol Psychiatry 74:242-249.

Mitchell S, Vargas J, Hoffmann A (2016) Signaling via the NFκB system. Wiley Interdiscip 
Rev Syst Biol Med 8:227-241.

Motamedi S, Karimi I, Jafari F (2017) The interrelationship of metabolic syndrome and 
neurodegenerative diseases with focus on brain-derived neurotrophic factor (BDNF): 
kill two birds with one stone. Metab Brain Dis 32:651-665.

Moya PR, Dodman NH, Timpano KR, Rubenstein LM, Rana Z, Fried RL, Reichardt LF, 
Heiman GA, Tischfield JA, King RA, Galdzicka M, Ginns EI, Wendland JR (2013) Rare 
missense neuronal cadherin gene (CDH2) variants in specific obsessive-compulsive 
disorder and Tourette disorder phenotypes. Eur J Hum Genet 21:850-854.

Musiek ES (2015) Circadian clock disruption in neurodegenerative diseases: cause and 
effect? Front Pharmacol 6:29.

Narasimamurthy R, Hatori M, Nayak SK, Liu F, Panda S, Verma IM (2012) Circadian clock 
protein cryptochrome regulates the expression of proinflammatory cytokines. Proc 
Natl Acad Sci U S A 109:12662-12667.

Nasrollahzadeh A, Momeny M, Fasehee H, Yaghmaie M, Bashash D, Hassani S, Mousavi 
SA, Ghaffari SH (2021) Anti-proliferative activity of disulfiram through regulation of the 
AKT-FOXO axis: a proteomic study of molecular targets. Biochim Biophys Acta Mol Cell 
Res 1868:119087.

Noh HJ, Tang R, Flannick J, O’Dushlaine C, Swofford R, Howrigan D, Genereux DP, Johnson 
J, van Grootheest G, Grünblatt E, Andersson E, Djurfeldt DR, Patel PD, Koltookian M, 
M Hultman C, Pato MT, Pato CN, Rasmussen SA, Jenike MA, Hanna GL, et al. (2017) 
Integrating evolutionary and regulatory information with a multispecies approach 
implicates genes and pathways in obsessive-compulsive disorder. Nat Commun 8:774.

Nota JA, Sharkey KM, Coles ME (2015) Sleep, arousal, and circadian rhythms in adults 
with obsessive-compulsive disorder: a meta-analysis. Neurosci Biobehav Rev 51:100-
107.

Orellana AM, Vasconcelos AR, Leite JA, de Sá Lima L, Andreotti DZ, Munhoz CD, 
Kawamoto EM, Scavone C (2015) Age-related neuroinflammation and changes in AKT-
GSK-3β and WNT/ β-CATENIN signaling in rat hippocampus. Aging 7:1094-1111.

Oren O, Smith BD (2017) Eliminating cancer stem cells by targeting embryonic signaling 
pathways. Stem Cell Rev Rep 13:17-23.

Oswald MCW, Garnham N, Sweeney ST, Landgraf M (2018) Regulation of neuronal 
development and function by ROS. FEBS Lett 592:679-691.

Oyama T, Kanai Y, Ochiai A, Akimoto S, Oda T, Yanagihara K, Nagafuchi A, Tsukita S, 
Shibamoto S, Ito F (1994) A truncated beta-catenin disrupts the interaction between 
E-cadherin and alpha-catenin: a cause of loss of intercellular adhesiveness in human 
cancer cell lines. Cancer Res 54:6282-6287.

Parolari L, Schneeberger M, Heintz N, Friedman JM (2021) Functional analysis of distinct 
populations of subthalamic nucleus neurons on Parkinson’s disease and OCD-like 
behaviors in mice. Mol Psychiatry doi: 10.1038/s41380-021-01162-6.

Paterson JL, Reynolds AC, Ferguson SA, Dawson D (2013) Sleep and obsessive-compulsive 
disorder (OCD). Sleep Med Rev 17:465-474.

Pellegrini L, Maietti E, Rucci P, Casadei G, Maina G, Fineberg NA, Albert U (2020) Suicide 
attempts and suicidal ideation in patients with obsessive-compulsive disorder: a 
systematic review and meta-analysis. J Affect Disord 1276:1001-1021.

Pellmar TC (1987) Peroxide alters neuronal excitability in the CA1 region of guinea-pig 
hippocampus in vitro. Neuroscience 23:447-456.

Pellmar TC, Neel KL, Lee KH (1989) Free radicals mediate peroxidative damage in guinea 
pig hippocampus in vitro. J Neurosci Res 24:437-444.

Phaniendra A, Jestadi DB, Periyasamy L (2015) Free radicals: properties, sources, targets, 
and their implication in various diseases. Indian J Clin Biochem 30:11-26.

Pigeolet E, Corbisier P, Houbion A, Lambert D, Michiels C, Raes M, Zachary MD, Remacle 
J (1990) Glutathione peroxidase, superoxide dismutase, and catalase inactivation by 
peroxides and oxygen derived free radicals. Mech Ageing Dev 51:283-297.

Rao NP, Venkatasubramanian G, Ravi V, Kalmady S, Cherian A, Yc JR (2015) Plasma 
cytokine abnormalities in drug-naïve, comorbidity-free obsessive-compulsive disorder. 
Psychiatry Res 229:949-952.

Rao P, Qiao X, Hua W, Hu M, Tahan M, Chen T, Yu H, Ren X, Cao Q, Wang Y, Yang Y, Wang 
YM, Lee VW, Alexander SI, Harris DC, Zheng G (2021) Promotion of β-catenin/forkhead 
box protein O signaling mediates epithelial repair in kidney injury. Am J Pathol 
191:993-1009.

Reppert SM, Weaver DR (2002) Coordination of circadian timing in mammals. Nature 
418:935-941.

Rodríguez N, Morer A, González-Navarro EA, Serra-Pages C, Boloc D, Torres T, García-
Cerro S, Mas S, Gassó P, Lázaro L (2017) Inflammatory dysregulation of monocytes in 
pediatric patients with obsessive-compulsive disorder. J Neuroinflammation 14:261.

Roenneberg T, Merrow M (2016) The circadian clock and human health. Curr Biol 
26:R432-443.

Rouhani N, Wimmer GE, Schneier FR, Fyer AJ, Shohamy D, Simpson HB (2019) Impaired 
generalization of reward but not loss in obsessive-compulsive disorder. Depress 
Anxiety 36:121-129.

Sahar S, Sassone-Corsi P (2009) Metabolism and cancer: the circadian clock connection. 
Nat Rev Cancer 9:886-896.

Sancar A, Lindsey-Boltz LA, Unsal-Kaçmaz K, Linn S (2004) Molecular mechanisms of 
mammalian DNA repair and the DNA damage checkpoints. Annu Rev Biochem 73:39-
85.

Schubert JR, Coles ME (2013) Obsessive-compulsive symptoms and characteristics in 
individuals with delayed sleep phase disorder. J Nerv Ment Dis 201:877-884.

Segal JP, Tresidder KA, Bhatt C, Gilron I, Ghasemlou N (2018) Circadian control of pain and 
neuroinflammation. J Neurosci Res 96:1002-1020.

Shang YC, Chong ZZ, Hou J, Maiese K (2010) Wnt1, FoxO3a, and NF-kappaB oversee 
microglial integrity and activation during oxidant stress. Cell Signal 22:1317-1329.

Shapiro L, Love J, Colman DR (2007) Adhesion molecules in the nervous system: 
structural insights into function and diversity. Annu Rev Neurosci 30:451-474.

Soták M, Sumová A, Pácha J (2014) Cross-talk between the circadian clock and the cell 
cycle in cancer. Ann Med 46:221-232.

Spengler ML, Kuropatwinski KK, Comas M, Gasparian AV, Fedtsova N, Gleiberman AS, 
Gitlin II, Artemicheva NM, Deluca KA, Gudkov AV, Antoch MP (2012) Core circadian 
protein CLOCK is a positive regulator of NF-κB-mediated transcription. Proc Natl Acad 
Sci U S A 109:E2457-2465.

Taylor BJ, Hasler BP (2018) Chronotype and mental health: recent advances. Curr 
Psychiatry Rep 20:59.

Tayyab M, Shahi MH, Farheen S, Mariyath MPM, Khanam N, Castresana JS, Hossain MM 
(2018) Sonic hedgehog, Wnt, and brain-derived neurotrophic factor cell signaling 
pathway crosstalk: potential therapy for depression. J Neurosci Res 96:53-62.

Thompson SL, Dulawa SC (2019) Dissecting the roles of β-arrestin2 and GSK-3 signaling 
in 5-HT1BR-mediated perseverative behavior and prepulse inhibition deficits in mice. 
PLoS One 14:e0211239.

Timpano KR, Schmidt NB, Wheaton MG, Wendland JR, Murphy DL (2011) Consideration 
of the BDNF gene in relation to two phenotypes: hoarding and obesity. J Abnorm 
Psychol 120:700-707.

Ting JT, Feng G (2008) Glutamatergic synaptic dysfunction and obsessive-compulsive 
disorder. Curr Chem Genomics 2:62-75.

Vallée A, Lecarpentier Y (2018) Crosstalk between peroxisome proliferator-activated 
receptor gamma and the canonical WNT/β-catenin pathway in chronic inflammation 
and oxidative stress during carcinogenesis. Front Immunol 9:745. 

Vallée A, Lecarpentier Y, Vallée JN (2021a) Cannabidiol and the canonical WNT/β-catenin 
pathway in glaucoma. Int J Mol Sci 22:3798.

Vallée A, Lecarpentier Y, Vallée JN (2021b) Interplay of opposing effects of the WNT/
β-catenin pathway and PPARγ and implications for SARS-CoV2 treatment. Front 
Immunol 12:666693.

Vallée A, Lecarpentier Y, Vallée JN (2021c) Possible actions of cannabidiol in obsessive-
compulsive disorder by targeting the WNT/β-catenin pathway. Mol Psychiatry doi: 
10.1038/s41380-021-01086-1.

Vallée A, Vallée JN, Lecarpentier Y (2021) Lithium: a potential therapeutic strategy in 
obsessive-compulsive disorder by targeting the canonical WNT/β pathway. Transl 
Psychiatry 11:204.

Vitale JA, Briguglio M, Galentino R, Dell’Osso B, Malgaroli A, Banfi G, Porta M (2020) 
Exploring circannual rhythms and chronotype effect in patients with obsessive-
compulsive tic disorder (OCTD): a pilot study. J Affect Disord 262:286-292.

Wang HM, Zhao YX, Zhang S, Liu GD, Kang WY, Tang HD, Ding JQ, Chen SD (2010) 
PPARgamma agonist curcumin reduces the amyloid-beta-stimulated inflammatory 
responses in primary astrocytes. J Alzheimers Dis JAD 20:1189-1199.

Wang LT, Lin MH, Liu KY, Chiou SS, Wang SN, Chai CY, Tseng LW, Chiou HC, Wang HC, 
Yokoyama KK, Hsu SH, Huang SK (2021) WLS/wntless is essential in controlling 
dendritic cell homeostasis via a WNT signaling-independent mechanism. Autophagy 
doi: 10.1080/15548627.2021.1907516. 

Wang N, Yang G, Jia Z, Zhang H, Aoyagi T, Soodvilai S, Symons JD, Schnermann JB, 
Gonzalez FJ, Litwin SE, Yang T (2008) Vascular PPARgamma controls circadian variation 
in blood pressure and heart rate through Bmal1. Cell Metab 8:482-491.

Wang S, Dougherty EJ, Danner RL (2016) PPARγ signaling and emerging opportunities for 
improved therapeutics. Pharmacol Res 111:76-85.

Wendland JR, Kruse MR, Cromer KR, Murphy DL (2007) A large case-control study of 
common functional SLC6A4 and BDNF variants in obsessive-compulsive disorder. 
Neuropsychopharmacology 32:2543-2551.

Wolf SA, Boddeke HWGM, Kettenmann H (2017) Microglia in physiology and disease. 
Annu Rev Physiol 79:619-643.

Xu C, Cao H, Liu D (2019) Integrative analysis of shared genetic pathogenesis by 
obsessive-compulsive and eating disorders. Mol Med Rep 19:1761-1766.

Yang C, Nan B, Ye H, Yan H, Wang M, Yuan Y (2021) MiR-193b-5p protects BRL-3A cells 
from acrylamide-induced cell cycle arrest by targeting FoxO3. Food Chem Toxicol 
150:112059.

Yang G, Jia Z, Aoyagi T, McClain D, Mortensen RM, Yang T (2012) Systemic PPARγ deletion 
impairs circadian rhythms of behavior and metabolism. PloS One 7:e38117.

Yang JW, Ru J, Ma W, Gao Y, Liang Z, Liu J, Guo JH, Li LY (2015) BDNF promotes the growth 
of human neurons through crosstalk with the Wnt/β-catenin signaling pathway via 
GSK-3β. Neuropeptides 54:35-46.

Yang X, Wood PA, Ansell CM, Ohmori M, Oh EY, Xiong Y, Berger FG, Peña MM, Hrushesky 
WJ (2009) Beta-catenin induces beta-TrCP-mediated PER2 degradation altering 
circadian clock gene expression in intestinal mucosa of ApcMin/+ mice. J Biochem 
145:289-297.

 C-Editors: Zhao M, Liu WJ, Qiu Y; T-Editor: Jia Y


