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Abstract  

The circadian clock, as a molecular timekeeper, influences most behavioural and 

physiological processes. Numerous symptoms associated with neurodegenerative 

diseases, such as sleep disorders, anxiety, and mood alteration, are linked to circadian 

clock dysregulation. Dysregulation of the circadian system is increasingly implicated 

in the onset and progression of Alzheimer's disease, and emerging evidence highlights 

a bidirectional relationship between Alzheimer’s disease and circadian clock 

disruption. A crucial point is that the circadian clock regulates adult neurogenesis, a 

process that is significantly impaired in Alzheimer’s disease. Recent advancements 

suggest that the dynamic epigenetic mechanisms—including DNA and histone 

modifications as well as regulation by non-coding RNA—act as a critical regulation for 

circadian rhythms and neurogenesis. Therefore, research on circadian disruption and, 

particularly, focus on harmonising the circadian clock with neurogenesis in 
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neurodegenerative diseases may also speed up the creation of innovative, circadian-

based treatments to counteract the progress of neurological disorders from a new 

perspective. In this review, we explore potential epigenetic mechanisms linking the 

circadian system to neurodegenerative diseases, with a focus on Alzheimer’s Disease.  
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Neurodegeneration, Circadian clock, Neurogenesis, Epigenetics, Melatonin   

 

1. Introduction 

The circadian system is a conserved biological cycle generated and regulated daily in 

a self-sustaining and oscillatory manner, responsible for coordinating a wide range of 

molecular, physiological, and behavioural processes (Nassan and Videnovic, 2022). 

Although the sleep-wake cycle is the most widely recognised output of the circadian 

system, the mammalian circadian clock affects many physiological processes, from 

hormonal secretion, metabolic homeostasis, and body temperature to complex 

processes, such as memory formation and cognition (Nassan and Videnovic, 2022). 

This intrinsic timing system incorporates a molecular loop that can be entertainable by 

external factors called Zeitgebers. Although Zeitgebers, such as body temperature, 

diet, gravity, and physical activity, have a role in setting the clock, light is the most 

potent cue to synchronise internal rhythm with the 24-hour solar day. Nonetheless, 

rhythms must be endogenously self-sustaining, at least for a few cycles, after the 

Zeitgebers are eliminated, in order to be classified as a circadian rhythm (Aschoff, 

1981). The rhythm produced by the biological clock controls physiological functions to 

optimise them to a particular time of the day, keeping the harmony of physiological 

processes within the organism and with nature and environmental changes. Lack of 
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internal synchrony can have long- or short-term health consequences, for instance, 

shift work is thought to be a carcinogenic factor and has been associated with an 

increased risk of dementia (Ling et al., 2023; Schernhammer et al., 2003). 

Epidemiological studies have revealed that the risk of all-cause dementia is associated 

with shift work, and particularly, an increased tendency is observed with a longer 

number of years working on night shifts (Ling et al., 2023; Wang et al., 2022c). Multiple 

lines of evidence have suggested that a disruption of the temporal synchronisation 

leading to internal circadian dysfunction plays a role in neurodegenerative diseases 

(Videnovic et al., 2014). Although the precise mechanisms by which circadian 

dysfunction instigates and exacerbates the disease progression still need to be 

defined, a growing body of evidence supports that a link exists (Nassan and Videnovic, 

2022; Ruan et al., 2021). Therefore, the circa 24-hour diurnal rhythms could be 

considered a potential therapeutic target to counteract neurodegenerative diseases 

(Nassan and Videnovic, 2022; Ruan et al., 2021). The regulation of circadian rhythms 

may be largely determined by the epigenetic system as a noteworthy mediator of 

environmental influences. Neural stem cells, which are essential for brain plasticity 

and repair – and whose functions are impaired in AD – are increasingly recognised as 

being regulated by both circadian and epigenetic mechanisms, offering a promising 

link between clock disruption and impaired neurogenesis (Ali and von Gall, 2022). 

Altogether, understanding how circadian rhythms are regulated and how their 

disruption may contribute to neurodegenerative disease can open new avenues for 

therapeutic intervention, particularly through epigenetic mechanisms. Herein, we 

examine current evidence linking circadian and sleep disturbances to Alzheimer’s 

disease, with a particular focus on how circadian regulation and epigenetic alterations 

affect neural stem cells and may contribute to disease progression. 
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2. The circadian pacemaker  

The circadian system in animals is arranged hierarchically, with a central brain clock 

at the top of the hierarchy and peripheral clocks throughout the body (Hastings et al., 

2018). Anatomically, in mammals, the master circadian clock is contained in the 

hypothalamus within the suprachiasmatic nucleus (SCN), a bilateral nerve cluster of 

about 20000 neurons in rodents and 10000 neurons in humans (Abrahamson and 

Moore, 2001; Hofman and Swaab, 2002). Each of the neurons has a self-sustained 

and cell-autonomous circadian oscillator with a broad range in circadian periodicity 

varying between 22 to 30 hours (Hastings et al., 2018). To be effective, the SCN 

neurons must be constantly entrained to the day-night cycle of 24 hours, and this is 

achieved by direct retinal innervation and transmitted to the SCN via the 

retinohypothalamic tract (RHT) (Lucas et al., 2012). A subset of ganglion cells in the 

inner layer of the retina that express the melanopsin photopigment are considered the 

main intrinsic circadian photoreceptors. The other extrinsic photoreceptors, such as 

the rods and cones, play an auxiliary role in maintaining the circadian environment 

(Lucas et al., 2012). The role and importance of the SCN in the circadian system have 

been extensively studied, and in vitro, SCN organotypic slice cultures sustained a 

remarkable circadian oscillation with stable, robust, and coherent molecular loops due 

to intact circuit communication (Patton et al., 2016). Additionally, in vivo, SCN 

disruption, either by an electrolytic lesion or by key genes knockdown, leads to a 

dramatically weakened circadian clock, disturbed resting state and appearance of 

anxiety-like behaviour in mice (Wang et al., 2023). Interestingly, SCN-specific Bmal1-

knockdown mice have been proposed as a potential animal model of depression 

(Landgraf et al., 2016). Through gap-junction-mediated electrical coupling, the SCN 
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neurons maintain communication and synchronisation and are coupled to each other 

in a network (Colwell, 2005). Consistent rhythm across the entire organism and strong 

circadian outputs are dependent on robust circadian rhythmicity due to the network 

between SCN neurons (Beaule et al., 2011).  

 

2.1. Molecular components of the circadian system 

The daily oscillations are known to be maintained by a complex transcriptional and 

translational feedback loop of a set of genes referred to as the core clock genes 

(Mohawk et al., 2012).  At the core, CLOCK (Circadian Locomotor Output Cycles 

Kaput) and BMAL1 (Brain and Muscle Arnt-Like protein 1) proteins heterodimerise, 

translocate into the nucleus, and bind to E-box enhancer elements to activate the 

rhythmic transcription of their target genes, the clock-controlled genes (CCGs). 

Amongst these are the remaining components of this feedback network, such as PER 

(Period)1, 2, and 3 and CRY (Cryptochrome)1 and 2 (Figure 1) (Mohawk et al., 2012). 

Once translated and upon reaching the threshold, these proteins interact and function 

as repressors of CLOCK:BMAL1 activity. Consequently, the transcription of Per and 

Cry is reduced, leading to the closing of this central negative feedback loop. 

Additionally, an auxiliary feedback loop is present, and its components, such as 

REV-ERB nuclear receptors and nuclear receptor ROR (RAR-related orphan 

receptor), are under the regulation of CLOCK:BMAL1. REV-ERBs can inhibit Bmal1 

expression, whereas RORs compete with REV-ERBs for shared DNA binding sites, 

ROREs (ROR response elements) and promote Bmal1 expression (Mohawk et al., 

2012). Nonetheless, a reductionist approach to simplify the molecular clock's 

fundamental mechanics is not feasible, and a multitude of different signals and 

different levels of regulations are in place to produce an integrated output over the 24-
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hour cycle. For instance, even though PER proteins' timely accumulation was thought 

to be the stoichiometrically limiting step with phosphorylation by CK1 (Casein kinase 

1) having a key role in PER stability (Lee et al., 2001), experiments with Per2 mutant 

mice suggest that PER2 degradation can be a noncrucial (An et al., 2022). Additionally, 

compensatory mechanisms are settled, for example, with NPAS2 (Neuronal PAS 

Domain Protein 2) showing an overlapping role with CLOCK and shown to be able to 

compensate for the loss of CLOCK (DeBruyne et al., 2007). In mice with mutant PER2 

unable to interact with CK1 steadily, although the loss of PER phosphorylation and 

subsequently lower CLOCK-BMAL1 expression rhythm amplitude was observed, the 

locomotor activity rhythms were maintained (An et al., 2022). Even though some level 

of circadian oscillations and locomotor activity may persist without PER 

phosphorylation, the circadian system presents several layers of complex regulation 

to orchestrate durable, fine-tuned circadian clock oscillations. Based on data collected 

from both small-scale and high-throughput experiments in mammals, 43% of all 

protein-coding genes have been shown to present oscillatory transcripts in a least one 

organ, indicating to be under-regulation of the core network. However, the proportion 

of rhythmic genes is highly tissue-specific, typically ranging from 2% to 20% in a given 

tissue (Zhang et al., 2014). In particular, one study analysed gene expression from 

post-mortem brain samples following time-of-death analysis, and among the healthy 

controls, a minimum of 417 genes were reported to show rhythmic oscillation across 

different brain regions, with, for example, 922 rhythmic transcripts in the dorsolateral 

prefrontal cortex (Li et al., 2013). Therefore, the ongoing exploration of the connections 

between molecular processes and the circadian clock reveals substantial interplay. 

The most well-recognized output of the circadian clock is the sleep/wake cycle 

(Franken and Dijk, 2024), but the CC governs diverse metabolic processes, while 
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metabolic factors such as glucose, oxygen, ATP, NAD+, and glucocorticoids levels 

influence circadian function through AMPK (AMP-activated protein kinase) and SIRT1 

(Sirtuin 1) activity (Marcheva et al., 2013). Among the physiological systems influenced 

by the circadian rhythm, metabolism remains the most extensively studied. Notably, 

insulin has a direct impact on circadian clock by regulating Clock expression in the 

liver. FOXO3 (Forkhead box O3), via the insulin-PI3K signalling, is crucial for circadian 

rhythmicity as it binds to the Clock promoter, forming a direct link between metabolism 

and the circadian clock (Chaves et al., 2014).  

 

2.2. Impact of epigenetics on the circadian clock   

The circadian feedback loops are intricately regulated by epigenetic mechanisms as 

important regulators, as well as mediators of the environment. In addition to the 

endogenous mechanisms, the Zeitgebers, the exogenous cues, can modulate the 

genetic code through epigenetic mechanisms, thus regulating Clock gene expression 

flexibly and dynamically over the day-night cycle (Koike et al., 2012). Several lines of 

evidence show that chromatin remodelling is an integral modulator of circadian gene 

transcription (Koike et al., 2012; Ripperger and Schibler, 2006). In particular, CLOCK 

has been shown to function as a histone acetyltransferase (HAT) (Doi et al., 2006), 

and SIRT1, a class III histone deacetylase (HDAC), counteracts the CLOCK activity 

(Belden and Dunlap, 2008). CLOCK protein was reported to act primarily at H3 and 

H4 and H3 Lys-14 was reported to be a major site. Due to the role of acetylation at H3 

Lys-14 on transcriptional activation, the HAT function of CLOCK is considered a crucial 

player for the rhythmic input to the circadian clock (Doi et al., 2006). On the other hand, 

SIRT1 targets Bmal1 and Per2 and is suggested to regulate specifically the amplitude 

of Clock-regulated gene expression, although SIRT1 activity is not imperative for the 
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clock rhythm (Belden and Dunlap, 2008). A key example of histone modifications 

(Figure 2A) in circadian control involves the core repressor protein, REV-ERBα (Kim 

et al., 2018). REV-ERBα rhythmically recruits the NCoR-HDAC3 corepressor complex 

to specific genomic regions, leading to histone deacetylation and transcriptional 

repression of target genes (Kim et al., 2018). Additionally, DNA methylation patterns 

exhibit circadian oscillations, which are crucial for the rhythmic expression of clock 

genes. For instance, the promoter regions of core clock genes, such as BMAL1 and 

PER2, show dynamic methylation changes that correlate with their transcriptional 

activity (Cronin et al., 2017). Remarkably, Cronin and collaborators showed that 

rhythmic methylation of BMAL1 was altered in samples from Alzheimer’s patients’ 

postmortem brains and fibroblasts and is associated with alteration in BMAL1 rhythmic 

expression (Cronin et al., 2017). Beyond DNA methylation and histone modifications, 

non-coding RNA (Figure 2B) represents other critical layer of circadian regulation. The 

miRNA miR-132, induced via a MAPK/CREB-dependent mechanism, exhibits 

circadian oscillations in expression and has been shown to target the Clock gene 

(Cheng et al., 2007) and play a role in cognitive capacity (Aten et al., 2018). Several 

miRNAs (Figure 2B) have been suggested to regulate the circadian clock as deeply 

analysed in a comprehensive review (Kinoshita et al., 2020). Interestingly, DNA 

methylation-derived epigenetic clock (Figure 2C), biomarkers based on DNA 

methylation, is highly correlated to chronological age (Bell et al., 2019; Horvath and 

Raj, 2018). One of the earliest models and extensively used in age and cancer 

research is Horvath's clock, which is based on CpGs sites (Wang et al., 2022a). 

Curiously, a sizable part of the 353 CpGs sites of Horvath's clock are found close to 

promoters of genes related to development and differentiation (Horvath, 2013). 

Notably, in neuronal cell cultures, these CpGs sites closely correspond with the 
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differentiation status distinguishing between neural precursors to mature neurons 

(Horvath, 2013).  

 

2.3. Circadian Clock in Diseases  

Circadian disruptions have been linked to mental and physical health problems, and 

evidence points to a bidirectional connection between disease and the circadian 

rhythms in immunologic, cardiometabolic, allergic, neurodegenerative and psychiatric 

disorders (Xie et al., 2019). Assessing circadian disruption involves measures such as 

phase (timing), period and amplitude of circadian rhythms and alignment between 

environmental and endogenous rhythms (Fishbein et al., 2021). To monitor circadian 

rhythms and sleep, melatonin and its metabolite 6-sulfatoxymelatonin are currently 

considered the standard biomarkers in clinical trials and practice. However, due to the 

limitations of these metabolites, there is a continuous effort to find a more suitable 

biomarker and greater potential for chronotherapy (Mirick and Davis, 2008; Tomita et 

al., 2019; Uberos et al., 2011). Clinically, the circadian influences can be determined 

to have a significant role in symptoms or disease onset, often showing a clear circadian 

preference, as seen in the early morning peaks of myocardial infarction and stroke, 

along with night-time exacerbation of asthma and inflammatory diseases (Muller et al., 

1985; Scheer et al., 2021). Genetically, diseases resulting from mutations in clock 

genes are rare in humans. Nevertheless, mutations in core clock genes cannot be 

overlooked, and genome-wide association studies have identified clock gene SNPs 

linked to increased risk for tumour development, sleep disorders and metabolic and 

neurodegenerative diseases (Gršković and Korać, 2023). Genetic variants in clock 

genes lead to sleep deprivation, which, in turn, has been linked to increased amyloid-

beta accumulation, contributing to Alzheimer’s disease (AD) susceptibility and 
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progression. Associations between variants of different circadian genes have been 

observed together with potential risk factors for AD and other neurodegenerative 

diseases (Table 1). For illustration, preference for morning or evening activity, sleep 

quality, and duration have been suggested to be, to some extent, genetically inherited 

traits (Gršković and Korać, 2023; Liu et al., 2022). Interestingly, approximately 45% of 

the variability in sleep duration and quality has been assigned to genetic variations 

(Kocevska et al., 2021). An example of such mutation is a missense mutation (S662G) 

in the core gene PER2, causing familial advanced sleep phase syndrome (Gu et al., 

2012). Advanced sleep phase syndrome is a circadian disruption triggering sleep 

onset in the early evening (18:00–20:00hours) and sleeplessness in the early morning 

(01:00– 03:00h) (Gršković and Korać, 2023; Liu et al., 2022). On the other hand, 

mutation of the core clock genes is often used to study clock-related dysfunction. In 

animal studies, disruptions in the intrinsic clocks of animals relative to external timing 

cues can lead to various phenotypes and diseases such as obesity, metabolic 

dysfunction that impacts cognition and mood, anxiety, sleep alterations, and 

depression-like behaviour (Birky and Bray, 2014; Karatsoreos et al., 2011). Although 

sleep and circadian rhythms are modified with ageing, sleep-wake disruption is found 

to be more severe in AD patients than typical age-related disruption. In particular, the 

type of disruption seems to be distinct between ageing and AD, with AD patients 

presenting increased sleep fragmentation with longer night-time awakening periods, 

excessive daytime naps and decreased daytime activity (Weissová et al., 2016). An 

indirect role of the molecular circadian clock in AD is already well established. Poor 

sleep adversely affects behaviour and cognitive processes (Lv et al., 2022). 

Furthermore, there is mounting evidence that sleep deprivation increases the amount 

of soluble amyloid in the brain and causes insoluble amyloid to accumulate even in 
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the preclinical stage of AD (Ju et al., 2014; Ju et al., 2013; Roh et al., 2012). Recent 

studies have also demonstrated that Aβ can directly disrupt the molecular circadian 

clock by promoting the degradation of core clock components such as BMAL1 and 

CBP, leading to impaired Per2 transcription and altered circadian rhythms (Song et al., 

2015). In addition to molecular changes, APP(β-amyloid precursor protein)-

overexpressing TgCRND8 mice, a well-characterized Aβ model, exhibit age-

dependent alterations in activity rhythms and increased stereotypic behaviors, 

resembling circadian and behavioral symptoms observed in AD patients (e.g. 

restlessness and sleep disruption) (Ambrée et al., 2006). In addition to Aβ mouse 

models, hyperphosphorylated tau has been suggested to be negatively affecting sleep 

quality and duration. Mice with pure tauopathies have been shown to have sleep 

disturbance, suggesting that tau is a major contributor to sleep disturbance in AD (Lew 

et al., 2021). Lack of sleep raised tau protein concentration in human CSF 

(cerebrospinal fluid) and accelerated the spread of tau aggregates (Wang and 

Holtzman, 2020). Both Aβ and tau mouse models demonstrate altered sleep and 

circadian phenotypes, further supporting a link between AD pathology and circadian 

dysfunction. 

 

3. Circadian Clock Dysregulation in Alzheimer’s Disease 

Many neurobiological processes are regulated over the 24-hour cycle, such as 

neurogenesis, neurotransmission, inflammation, and neuronal metabolism. 

Neurodegenerative disorders frequently involve a progressive breakdown of the 

circadian rhythms that govern rest, activity, sleep, alertness, psychological processes, 

motor control, and metabolism (Hastings and Goedert, 2013). One common feature of 

many neurodegenerative diseases is the acceleration of disturbances in the 
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sleep/wake rhythm (Hastings and Goedert, 2013). AD is the most common chronic 

age-dependent neurodegenerative disorder that is characterised by an accumulation 

of Aβ (amyloid beta) plaques and hyperphosphorylated tau (Association, 2023). In this 

irreversible disorder, characterised by progressive cognitive decline, the symptoms 

evolve gradually over several years. The initial signs of the disease include forgetting 

recent events or conversations. However, as the disease progresses, severe memory 

problems develop, along with the loss of the ability to perform everyday tasks 

(Abubakar et al., 2022). Importantly, disturbances in sleep and circadian rhythms 

frequently emerge in the preclinical phases of AD, often preceding noticeable cognitive 

symptoms. These include fragmented sleep, excessive daytime sleepiness with 

reduced daytime activity levels and increased nighttime awakenings (Rigat et al., 

2023). One particularly phenomenon observed in AD patients is “sundowning,” a 

syndrome marked by increased confusion, agitation, and behavioral disturbances 

occurring in the late afternoon or evening (Volicer et al., 2001). As AD progresses, 

additional symptoms may manifest, such as increasing confusion and disorientation, 

obsessive, repetitive or impulsive behaviour, delusions, problems with speech or 

language, disturbed sleep, changes in mood, and difficulty performing spatial tasks 

(Abubakar et al., 2022). The exact mechanisms underlying the pathogenesis of AD 

remain elusive, and molecular mechanisms are complex and multifactorial, involving 

genetic, biochemical, and environmental factors. Central to the neuropathological 

hallmarks of AD are Aβ plaques, neurofibrillary tangles, gliosis, and neuronal loss 

(Zheng and Wang, 2024).  APP is a transmembrane protein that, upon proteolytic 

cleavage by β-secretase and γ-secretase produces Aβ peptides. These peptides can 

aggregate to form amyloid plaques, a hallmark of AD pathology (Guo et al., 2020).  

Mutations in the APP gene can increase the production of Aβ, leading to early-onset 
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familial Alzheimer’s disease (FAD) (Lanoiselée et al., 2017). Relatedly, mutations in 

the PSEN1 (Presenilin 1) gene are the most common cause of FAD (Lanoiselée et al., 

2017). PSEN1, a component of the γ-secretase complex, plays a crucial role in the 

cleavage of APP, and therefore, PSEN1 mutations result in altered γ-secretase activity, 

leading to increased production of the pathogenic Aβ42 isoform (Borchelt et al., 1996). 

This isoform is more prone to aggregation and is a major component of amyloid 

plaques (Guo et al., 2020). The accumulation of Aβ peptides in the brain triggers a 

cascade of events, including tau hyperphosphorylation, neurofibrillary tangle 

formation, synaptic dysfunction, and neuronal death (Guo et al., 2020), and are 

accompanied by neuroinflammation (Leng and Edison, 2021). Epigenetic 

mechanisms, including DNA methylation, histone modifications, and non-coding RNA 

regulation, play significant roles in the pathogenesis of AD, as deeply reviewed 

elsewhere (De Plano et al., 2024; Migliore and Coppedè, 2022; Nikolac Perkovic et 

al., 2021). In AD, the disease progression is accompanied by the circadian disturbance 

severity, but surprisingly, circadian disturbance is an early symptom of the disease 

and, therefore may be a useful tool for prediction and early diagnostic marker (Van 

Someren, 2000). Nonetheless, it is now widely appreciated that circadian clock 

abnormalities are not only a symptom of AD but, conceivably, circadian disruptions 

feed into the onset and progression of AD, while a proper circadian system provides 

greater resilience to AD pathogenesis. It is still widely debated whether a bidirectional 

link or something more complex is afoot between AD and circadian abnormalities 

(Hastings and Goedert, 2013). Interestingly, mechanisms linking AD-associated genes 

and circadian abnormalities have been implied. One study in microglia and bone 

marrow-derived macrophages has implicated that the AD-associated gene Psen2 has 

potential roles in immune systems through the DNA hypermethylation-mediated 
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repression of REV-ERBa (Nam et al., 2022). Additionally, circadian disturbances 

appear to correlate with the degree of amyloid plaque burden (Kang et al., 2009; Wang 

et al., 2016). One study using in vivo microdialysis in mice showed that Aβ levels 

secreted into the brain interstitial fluid in the hippocampus of mice fluctuate during the 

day (Kang et al., 2009). Addedly, Aβ levels were found to be negatively correlated with 

the amount of time asleep indicating a role of the circadian rhythm in supporting the 

clearance of Aβ (Kang et al., 2009). Moreover, Aβ has been shown to disturb molecular 

clock homeostasis and cause changes to metabolic circadian rhythmicity in human 

fibroblasts and primary mouse neurons in the presence of pre-aggregated Aβ (Schmitt 

et al., 2017). Neurodegeneration within SCN, evaluated by measurements of the 

glia/neuron ratio, has been observed in AD patients. Interestingly, the loss of 

neurotensin cells and arginine vasopressin cells, within the SCN is linked to different 

effects, circadian amplitude, and activity fragmentation (Harper et al., 2008). The 

undisputed key signature of neurodegeneration is protein aggregation and Aβ plaques, 

and tau neurofibrillary tangles in AD. This raises the question of how the circadian 

clock and clock-control processes intervene in protein aggregation: the highest direct 

impact comes from circadian regulation on preserving a healthy proteome, critical to 

preventing toxic aggregation and neurodegeneration. Circadian control over pro-

neurodegenerative factors has been reported. One study shows that CLOCK/BMAL1 

modulates Psen2 (Presenilin 2) gene expression and that Psen2 exhibits a strong 

circadian rhythm. PSEN2, associated with early-onset AD, regulates the levels of Aβ, 

and its rhythmic expression has been suggested both in SCN and in peripheral tissues 

(Bélanger et al., 2006; Panda et al., 2002). Additionally, a recent study linked the core 

clock gene, Bmal1, to the astrocyte proteostasis (McKee et al., 2023). Both in vitro 

and in vivo, deletion of Bmal1 in astrocytes leads to an activation state that increases 
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extracellular protein degradation while impairing astrocytes' ability to support neurons 

and disturbing circadian rhythms (McKee et al., 2023). And Bmal1-deficient astrocytes 

exhibit enhanced endocytosis and lysosome-dependent protein cleavage in vitro 

(McKee et al., 2023). Additionally, behaviour studies in Bmal1-KO mice previously 

showed changes related to locomotion and cognitive capacity (Castro-Zavala et al., 

2022), with reports of reduced lifespan and age-related pathologies (Kondratov et al., 

2006). This potential role of clock proteins in the control of degradation pathways 

supports the hypothesis that circadian disruptions feed into the onset and progression 

of AD. Previously, circadian genes were also found enriched among genes linked to 

illness with substantially greater frequencies than would be predicted (Zhang et al., 

2014). And AD risk genes are associated with circadian genes. Based on GWAS meta-

analysis, 41 AD-risk genes have been identified (Jansen et al., 2019; Kunkle et al., 

2019). From these 41 AD-risk genes, 13 genes are suggested to be under the 

regulation of the circadian clock  in the SCN (Figure 3A) (Pembroke et al., 2015). Early-

onset AD has been strongly associated with three dominantly inherited mutations in  

App, Psen1, and Psen2 (Karch and Goate, 2015) and Psen2 and App show significant 

fluctuating gene expression (Figure 3B-D). 

 

4. Neural stem cells and neurogenesis   

Neural stem cells (NSCs) are a unique population of cells essential for brain 

development and repair. NSCs are primarily located in two neurogenic regions of the 

adult mammalian brain: the subventricular zone (SVZ) of the lateral ventricles and the 

sub granular zone (SGZ) of the dentate gyrus in the hippocampus (Bond et al., 2015). 

NSCs possess the ability to self-renew by symmetric divisions and differentiate into 

various neural lineages via asymmetric divisions, including neurons, astrocytes, and 
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oligodendrocytes. Neurogenesis in the hippocampus is defined by the ability to 

produce new neurons from precursor cells involving cell division, migration, and 

differentiation of NSCs in the hippocampus and, therefore, plays an important role in 

learning and memory (Moradi et al., 2021). During embryonic development, NSCs are 

highly proliferative, contributing to the formation of the complex architecture of the 

brain. In adults, NSCs maintain a more quiescent state, but they can be activated in 

response to specific stimuli, such as injury or learning experiences (Shi et al., 2024). 

The regulation of NSCs is a complex process and epigenetic mechanisms have 

emerged as key regulators of the sequential stages of neurogenesis. A previous study 

identifies that the selective translation of epigenetic modifiers, such as histone 

methyltransferases and demethylases, is crucial for the temporal progression and 

differentiation of NSCs (Wu et al., 2022). In particular, fibrillarin (FBL) is suggested to 

be a key driver by enhancing translationally the H3K27me3 modifiers (Wu et al., 2022). 

Moreover, extensive research has established that chromodomain helicase DNA-

binding domain 5 (CHD5) is specifically expressed in neural tissues and has a role in 

promoting neuronal differentiation by enhancing the activation of neuronal genes, such 

as NeuN and Ncam (Egan et al., 2013). Peptide pull-down assays using nuclear 

lysates from mouse cortices and human SH-SY5Y neuroblastoma cells indicated that 

the endogenous CHD5 protein was significantly enriched on H3K27me3, which 

contributes to the silencing of non-neuronal genes. This suggests that the direct 

binding of CHD5’s chromosomal domain to H3K27me3 is essential for neuronal 

differentiation (Egan et al., 2013). A recent study demonstrated the role of CHD5 in 

promoting neuronal differentiation via the regulation of Six3 to repress Wnt5a 

(Shrestha et al., 2023).  Recent developments in cerebellar granule cells showed that 

H3K4me3/H3K27me3 bivalency is required to regulate the precise timing of this 
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differentiation (Mätlik et al., 2023). Within the analysis of gene ontology of all genes 

that were bivalent at two different time points of differentiation, genes associated with 

neurogenesis were frequent. Additionally, neuron projection morphogenesis and 

synaptic signalling also showed a strong association (Mätlik et al., 2023). Bivalency is 

a notable feature of the epigenetic regulation of neurogenesis. Bivalence is thought to 

be a steady-state mechanism or transcriptionally inactive prepared for rapid 

expression when stimulated, and hence, following differentiation, these epigenetic 

markers exhibit monovalent characteristics of suppression or activation (Albert and 

Huttner, 2018).   

 

5. Adult neurogenesis’ interplay with the circadian clock and Alzheimer’s 

Disease  

The links between the circadian clock, AD, and the specific involvement of each cell 

type in the disease course are puzzling and poorly understood. AD itself is a 

challenging enigma, with over 34 canonical and intricately linked pathways (Mizuno et 

al., 2012). Additionally, the clock-controlled genes are rhythmically transcribed in an 

organ-specific manner (Zhang et al., 2014). Adding an extra level of complexity, the 

effects of a protein rhythm are not straightforwardly correlated with the tissue gene 

expression. A good example could be insulin-like growth factor (IGF1). The expression 

of Igf1 fluctuates highly in the liver, however, considering that liver-derived IGF1 is the 

major source of circulating IGF1, IGF1 signalling in other tissues is most likely under 

clock influence (Zhang et al., 2014). Besides, IGF1 is able to cross the blood-brain 

barrier and exert critical functions within the CNS, including promoting neurogenesis 

and providing neuroprotection (Mir et al., 2017; Zeng et al., 2024). Thus, deciphering 

the genetic effects and underlying molecular mechanisms for shared pathways 
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between AD and tissue-specific clock-controlled genes may shed more insights, 

although it requires careful deliberations. The hippocampus, the adult neurogenesis 

centre, is one of the most affected regions in AD (Babcock et al., 2021). Within the 

complex nature of AD, neuronal loss is a major pathological hallmark of AD, and one 

common feature, reported as well in other neurodegenerative diseases, is impairment 

in the proliferation of progenitor cells (Moreno-Jiménez et al., 2019). Numerous studies 

have addressed the interplay between the circadian clock and NSCs proliferation and 

differentiation (Ali and von Gall, 2022; Bouchard-Cannon et al., 2013; Malik et al., 

2015). The reduction of neurogenesis function, due to its crucial role in maintaining 

brain plasticity and function throughout life, increases the rate of neurodegeneration 

(Polis and Samson, 2021). Cognitive reserve, as the brain’s ability to withstand 

neuropathological damage and maintain cognitive function despite brain ageing or 

injury, is highly dependent on neurogenesis and synaptogenesis (Vockert et al., 2024). 

The idea that CCs may regulate adult neurogenesis was first supported by a study 

using Bmal1 and Per2 knockout mouse models (Bouchard-Cannon et al., 2013). 

Thymidine Analog Injections revealed that timely cellular proliferation in the SGZ is 

desynchronised with the absence of Per2 or Bmal1, leading to quiescent neural 

progenitor cells losing their ability to enter the cell cycle at the right time. In particular, 

the authors suggest that PER2 is involved in gating the cell-cycle entrance of 

quiescent neural progenitor cells, while BMAL1 affects the cell-cycle exit timing 

(Bouchard-Cannon et al., 2013). Interestingly, a follow-up in vitro study found that 

differentiation of neurosphere cultures is affected by the abolishment of circadian 

proteins, resulting in unusually high differentiation into glial cells rather than neurons 

and overall higher cell death (Malik et al., 2015). Together, these data suggest that 

clock genes regulate adult NSCs via Per2 and Bmal1, with potential implications for 
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treating impaired brain functions. More recent studies have additionally highlighted the 

timing importance of neurogenesis through the influence of circadian rhythms (Ali and 

von Gall, 2022). Further work is needed to determine how circadian clock proteins 

influence the NSCs differentiation and proliferation and, whether such proteins are 

accountable for the NSC’s pathogenesis of AD. A conceivable connection can be 

found in the molecular pathways’ dysfunction in NSCs. AlzPathway is an AD signalling 

pathway map that gives mechanistic cues in intra-, inter- and extra-cellular processes 

to untangle the AD mechanism (Mizuno et al., 2012). When looking at the AD pathway 

in NSCs, molecules associated with the WNT signalling pathway appear as key 

involvement in dysregulated pathways (Figure 4A). Several lines of evidence have 

confirmed the link between dysregulated WNT signalling and the pathogenesis of AD 

(Abubakar et al., 2022; Inestrosa et al., 2002; Inestrosa and Toledo, 2008; Nagu et al., 

2022; Palomer et al., 2019). WNT signalling is an essential signal transduction 

pathway that controls the balance between self-renewal and induction of neuronal 

differentiation (Aghaizu et al., 2020), and studies using adult rat hippocampal neural 

progenitor cells showed that WNT signalling preserves the multipotency of NSCs and 

controls their differentiation (Wexler et al., 2009). Several genes in WNT signalling are 

under circadian regulation (Matsu-Ura et al., 2018). As per expression profiles of 

genes, data from microarrays of different tissues, from WNT signalling 126 genes in 

SCN, 32 in the brain stem and 28 in the cerebellum were found to be rhythmically 

expressed (Soták et al., 2014). ChIP-Seq analysis and shRNA knockdown of Bmal1 

demonstrated a direct link between WNT and circadian clock with rhythmic occupancy 

of BMAL1 on promoters of components of the WNT pathway, such as Wnt10a, β-

catenin, Dishevelled Segment Polarity Protein 2, and Transcription Factor 3 (Guo et 
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al., 2012). In contrast, over-expression of Bmal1 increased β-catenin expression and 

cell proliferation (Lin et al., 2013).  

 

6. Melatonin as a potential bridge between the circadian clock and adult 

neurogenesis  

The production and release of several hormones follow a daily pattern, and among 

these are melatonin, cortisol, prolactin, thyroid hormone, and growth hormone (Dijk et 

al., 2012; Gnocchi and Bruscalupi, 2017; Posadzki et al., 2018; Vakili et al., 2016; 

Yuzhen and Zheng, 2021). Melatonin, or N-acetyl-5-methoxytryptamine, often referred 

to as the “sleep hormone”, plays a critical role in regulating the circadian clock. 

Melatonin is an indole amine mainly produced and best known to be secreted by the 

pineal gland (Posadzki et al., 2018). It should be noted that additional sources of 

melatonin are observed, and melatonin production by peripheral cells is indicated to 

act by autocrine or paracrine mechanisms (Reiter et al., 2024; Slominski et al., 2012). 

From the pineal gland, melatonin is secreted into the bloodstream, and beyond its role 

in sleep onset, duration, and quality, melatonin exhibits antioxidant properties and 

regulates glucose homeostasis and energy balance. Synthesised from tryptophan 

through serotonin, melatonin levels typically rise in the evening, promoting sleep, and 

levels drop in the morning, aiding wakefulness (Lee et al., 2021). Interestingly, longer 

sleep duration was positively associated with its longer secretion (Duffy et al., 2022). 

Numerous clinical studies are ongoing for a variety of diseases (Boutin et al., 2023). 

Nevertheless, the specific direct or indirect mechanisms of melatonin action in such 

pathologies are still sparsely elucidated. Therefore, scepticism persists with 

reasonable questioning of the direct role of melatonin in such a wide range of diseases, 

and further experimental evidence with clarification of the impact of confounding 
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factors, such as sleep, and a critical assessment is required. Notwithstanding, 

melatonin’s role in sleep regulation and circadian rhythms has been addressed in 

numerous studies (Yao et al., 2023). Research has firmly established that melatonin 

primarily exerts its effects through two G protein-coupled receptors, melatonin receptor 

1 (MT1) and melatonin receptor 2 (MT2) (Liu et al., 2016), which are widely expressed 

in various mammalian organs and in neurogenic niches (Ahmad et al., 2023). 

Furthermore, some antidepressants, such as agomelatine, specifically target MT 

receptors, highlighting their potential therapeutic roles in mood regulation (Liu et al., 

2016). It is suggested that MT1 is primarily involved in controlling the rapid eye 

movement (REM) stages of the alertness state during sleep, while MT2 preferentially 

promotes non-REM (NREM) sleep (Wang et al., 2022b). Studies suggest that 

activation of the MT1 receptor may stimulate the proliferation of NSCs and progenitor 

cells, ultimately leading to increased neurogenesis (Boiko et al., 2022). The MT2 

receptor, on the other hand, might be more involved in neuronal differentiation and 

survival (Chern et al., 2012). Activation of these receptors triggers a cascade of 

downstream signalling events, including key pathways such as the ERK/MAPK 

pathway, the PI3K/Akt pathway, and the cAMP/PKA pathway (Figure 4C). The 

ERK/MAPK pathway plays a crucial role in cell proliferation and survival, making it a 

likely target for melatonin's neurogenic effects (Tiong et al., 2020). Involved in cell 

growth, survival, and neuroprotection, the PI3K/Akt pathway represents another 

potential mechanism through which melatonin might promote neurogenesis (Yu et al., 

2019). The cAMP/PKA pathway regulates gene expression and neuronal 

differentiation. It's important to note that these pathways are interconnected and may 

act synergistically to promote neurogenesis. Melatonin appears to influence the 

expression and release of neurotrophic factors, which are essential for neuronal 
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survival, growth, and differentiation (Armstrong and Niles, 2002; Tiong et al., 2020). 

Two key neurotrophic factors implicated in melatonin's neurogenic effects are brain-

derived neurotrophic factor and glial cell line-derived neurotrophic factor. Brain-derived 

neurotrophic factor (BDNF) is a key regulator of neurogenesis, neuronal survival, and 

synaptic plasticity, and melatonin upregulates BDNF via SIRT1 (Caruso et al., 2021),  

while Glial cell line-derived neurotrophic factor (GDNF) supports the survival and 

differentiation of dopaminergic neurons (Bourque and Trudeau, 2000). By increasing 

the levels of these neurotrophic factors, melatonin could indirectly promote the 

proliferation, differentiation, and survival of newly generated neurons. Beyond its 

receptor-mediated effects and influence on neurotrophic factors, melatonin also 

exhibits potent antioxidant and anti-inflammatory properties, which could contribute to 

its neurogenic potential by protecting NSCs and progenitor cells from oxidative stress 

(Bocheva et al., 2024). Additionally, melatonin can activate Wnt/β‐catenin signalling 

(Shen et al., 2017). 

 

7. Melatonin as an epigenetic circadian regulator for neurogenesis in 

Alzheimer’s Disease 

Emerging evidence suggests that melatonin might influence neurogenesis through 

epigenetic mechanisms (Figure 4B), particularly by modulating DNA methylation 

patterns (Linowiecka et al., 2023). Melatonin appears to impact the activity of DNMTs, 

suggesting another layer of complexity in melatonin's regulatory role (Linowiecka et 

al., 2023). Specifically, it has been suggested to regulate DNMT1, which plays a crucial 

role in maintaining methylation patterns during cell division and differentiation 

(Linowiecka et al., 2023). In particular, 6-methyladenosine (m6A) modification has 

been suggested to be shaped by melatonin (Yang et al., 2020), to be involved in 
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neurogenesis (Yoon et al., 2017), and to associate with neurodegenerative pathways 

(Du et al., 2021), consequently contributing to Alzheimer’s pathogenesis (Zhao et al., 

2021). Additionally, the effects of melatonin may be linked to its regulation of nuclear 

factor erythroid 2-related factor 2 (Nrf2). Nrf2 plays a crucial role in managing oxidative 

stress and inflammation and provides a neuroprotection role by modulating microglia 

activation (Saha et al., 2022). Moreover, Nrf2 promotes the proliferation and 

differentiation of NSCs (Kärkkäinen et al., 2014). Melatonin has been suggested to 

facilitate the activation of the Nrf2 gene’s promoter by recruiting CREB-binding protein 

(CBP)/p300 (Korkmaz et al., 2012; Sun et al., 2009). In NSCs, melatonin 

administration elicits a significant increase in histone H3 acetylation, accompanied by 

an upregulation of histone deacetylase isoforms, potentially as a compensatory 

response to melatonin-induced histone hyperacetylation (Sharma et al., 2008). This 

finding is consistent with a different study analysing the role of melatonin in 

neurogenesis (Li et al., 2017). Melatonin rescued the differentiation potential of NSCs 

by increasing the acetylation of histone H3 lysine 14 (H3K14). This process involves 

enhancing the histone acetyltransferase activity of CRB/p300 via ERK signalling 

pathways. The increased H3K14 acetylation alters the chromatin state of the 

promoters of bHLH factors Neurogenin1 and NeuroD1, activating their transcription 

and initiating neuronal differentiation (Li et al., 2017). One study using human 

hippocampal RNA samples and murine primary hippocampal cultures has implicated 

that in AD, WNT dysregulation is due to epigenetic mechanisms via SIRT2 (Palomer 

et al., 2022). The study found reduced levels of WNT receptors, Frizzled1 and 

Frizzled7 mRNA in the hippocampus of early AD stages and this reduction was 

associated with decreased H4K16ac and increased SIRT2 activity at the promoters of 

these genes (Palomer et al., 2022).  
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8. Future perspectives  

Circadian clock and neurogenesis are areas of interest in AD, both pathologically and 

therapeutically. Despite the critical role of epigenetic regulation in the CC and 

neurogenesis, these fields have often been studied separately in connection to AD. 

Aberrant DNA methylation, histone modifications, and non-coding RNA expression 

patterns have been implicated in the pathogenesis of AD (De Plano et al., 2024), 

affecting not only neuronal function but also the regenerative capacity of NSCs. 

Disease development is often accompanied by changes in histone modifications, and 

intervention in histone modifications can also activate endogenous repair mechanisms 

in the nervous system. Therefore, it is necessary to understand the regulatory 

functions of different types of histone modifications since, targeting epigenetic 

mechanisms within NSCs holds promise for novel therapeutic strategies against AD. 

By restoring the rhythm of the circadian clock and its epigenetic regulators, we may 

be able to enhance neurogenesis, promote neuronal survival, and ultimately slow 

down or even reverse the cognitive decline associated with this devastating disease. 

Further research is needed to fully elucidate the intricate interplay between circadian 

rhythms, epigenetic modifications, and neural stem cell function in the context of AD.  
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Tables  

Table 1. Association of clock genetic variants with disease and traits related to 
ageing, Alzheimer’s, and other neurodegenerative disorders.  

Gene  SNP Population Genotype 
Disease/ Associated 

phenotype 
Ref. 

BMAL1 rs1026071 Japanese A>G 
Insomnia, early 

awakening 

(Sakurada et al., 

2021) 

BMAL1 rs1562438 Japanese C>T Insomnia 
(Sakurada et al., 

2021) 

CLOCK rs3805151 Korean T>A, C 
Abnormal sleep 

duration 
(Kim et al., 2022) 

CLOCK rs6850524  Korean C>A, G, T  
Abnormal sleep 

duration 
(Kim et al., 2022) 

CLOCK rs4580704  Korean A>C, G Sleep duration (Kim et al., 2022) 

CLOCK rs10002541  Korean T>C 

Age-related changes 

in sleep duration, 

poor sleep 

(Kim et al., 2022) 

CLOCK rs11932595 Caucasian A>G, T  
Sleep duration and 

quality  
(Li et al., 2021) 

CLOCK rs12649507 
Chinese & 

Caucasian  
G>A, T Sleep duration 

(Allebrandt et al., 

2010; Li et al., 

2022) 

CLOCK rs1801260 Chinese A>G Parkinson’s Disease (Lou et al., 2017) 
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CLOCK rs3749473 Taiwanese T>C Cognitive aging  (Lin et al., 2017) 

CLOCK rs1554483 Chinese C>G Alzheimer’s disease  (Chen et al., 2013) 

CRY1  rs2287161 Chinese C>G, A, T Depression (Hua et al., 2014) 

CRY2 rs2292910 Finnish A>C Depression 
(Kovanen et al., 

2017) 

CRY2 

rs10838524, 

rs7121611, 

rs7945565, 

rs1401419 

Finnish & 

Swedish  
A>G Dysthymia 

(Kovanen et al., 

2013) 

CRY2 rs1401419 Finnish T>C 
Dysthymia, 

Depression 

(Kovanen et al., 

2013) 

CRY2 rs7945565 Finnish A>G Dysthythmia 
(Kovanen et al., 

2013) 

CRY2 rs10838527 
Swedish & 

Finnish 
A>G Depression 

(Lavebratt et al., 

2010) 

NPAS2  rs17655330   Taiwanese  A>C Cognitive aging  (Lin et al., 2017) 

PER1 rs7221412 European A>G Depression (Zhao et al., 2022) 

PER1 rs3027178 Italian T>G  Alzheimer's disease1  
(Bacalini et al., 

2022) 

PER2 rs2304672 Italian G>C Cognitive function 
(Forbes et al., 

2012) 

PER2 rs10462023 Swedish G>A, T Depression (Liu et al., 2015) 

PER2 rs121908635   T>C 

Familial advanced 

sleep phase 

disorder 

(Jones et al., 1999) 

PER2 rs934945 Korean C>T Diurnal preference (Lee et al., 2011) 

PER3 rs228697 
Chinese, 

Japanese 
C>G 

Agitation, Diurnal 

sleep preference, 

Anxiety 

(Hida et al., 2014; 

Liberman et al., 

2017) 

PER3 rs228729 Chinese T>C Agitation (Xu et al., 2019) 
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PER3 rs57875989 Various 
Deletion/in

sertion 

Depression, Anxiety, 

Diurnal preference  

(Benedetti et al., 

2008; Liberman et 

al., 2017) 

RORA rs13329238 Taiwanese  C>A Cognitive aging  (Lin et al., 2017) 

RORB  rs10781247 Taiwanese  G>A Cognitive aging  (Lin et al., 2017) 

1 G allele protective effect 
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Figure legends  

 

Figure 1  

Molecular basis of the circadian clock 

Schematic representation of the molecular circadian oscillator that consists of 

feedback loops. The primary negative feedback loop of the circadian oscillator involves 

Clock, Bmal1, Per1, Per2, Cry1 and Cry2 genes. In the core loop, CLOCK and BMAL1 

heterodimerise to drive the expression of clock-regulated genes via E-box 

transcription. Subsequently, PER and CRY proteins heterodimerise and translocate to 

the nucleus to inhibit CLOCK/BMAL1-driven transcription. A secondary feedback loop 

is composed of an antagonistic regulation of BMAL1, with two nuclear receptors, REV-

ERBα and REV-ERBb, as repressors and RORs as activators.  
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Figure 2 

Epigenetic regulation of the circadian clock 
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(A) Histone modifications, (B) DNA methylation and (C) non-coding RNA regulation of 

the circadian clock.  Several miRNAs directly regulate the central components of the 

CC. miRNA involved additionally in Alzheimer’s Disease and neurogenesis are marked 

in blue and red, respectively. 

 

Figure 3  

Circadian rhythmicity of AD-risk genes in SCN 

(A) Venn diagram showing the overlapping between SCN circadian-expressed genes 

and AD-risk genes. The 13 AD-risk genes suggested to be under the regulation of the 

circadian clock in the SCN are listed below. (B-D) Gene expression of PSEN1, PSEN2 

and APP, genes related to early onset AD. Gene information, including the expression 

levels of each mentioned gene, was found through the SCNseq database. Fluctuating 

genes, whose expression significantly altered over time with a sinusoidal oscillatory 

pattern were counted as circadian expressed genes and in PSEN1, PSEN2 and APP 

expression are denoted with an asterisk (*q < 0.05).  
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Figure 4  

Neurogenesis interplay with circadian clock and AD   
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(A) WNT pathway-associated molecules dysregulated in AD neural stem cells. 

Obtained from AlzPathway. (B) Melatonin-inducted expression of epigenetic regulatory 

enzymes. (C) Model of involved signalling pathways of melatonin mechanism and CC 

regulating proliferation and differentiation of NSCs in AD.  

 

 

Highlights  

 

• The circadian clock regulates behavioural and physiological processes and is 

disrupted in neurodegenerative diseases, contributing to the onset and progression of 

Alzheimer’s disease. 

• Adult neurogenesis, crucial for brain function, is regulated by the circadian clock and 

is significantly impaired in Alzheimer’s disease. 

• Epigenetic mechanisms play a key role in circadian rhythm and neurogenesis 

regulation. 

• Circadian-epigenetic mechanisms offer a novel therapeutic approach for Alzheimer’s 

disease and other neurodegenerative diseases. 
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