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Abstract Parkinson’s disease (PD) is the second most

common neurodegenerative disease, which manifests with

both motor and non-motor symptoms. Circadian rhythm

dysregulation, as one of the most challenging non-motor

features of PD, usually appears long before obvious motor

symptoms. Moreover, the dysregulated circadian rhythm

has recently been reported to play pivotal roles in PD

pathogenesis, and it has emerged as a hot topic in PD

research. In this review, we briefly introduce the circadian

rhythm and circadian rhythm-related genes, and then

summarize recent research progress on the altered circa-

dian rhythm in PD, ranging from clinical features to the

possible causes of PD-related circadian disorders. We

believe that future comprehensive studies on the topic may

not only help us to explore the mechanisms of PD, but also

shed light on the better management of PD.
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Abbreviations

PD Parkinson’s disease

DA Dopamine

SCN Suprachiasmatic nucleus

Clock Circadian locomotor output cycles kaput

Bmal1 Brain and muscle Arnt-like protein 1

Per Period

Cry Cryptochrome

NPAS2 Neuronal PAS domain protein 2

ROR Retinal related orphan receptor

RREs ROR response elements

NR1D1 Nuclear receptor subfamily 1 group D

member 1

Bhlhe Basic helix-loop-helix family member

Tim Timeless

DBP D-box-binding protein

REM Rapid eye movement

RBD Rapid eye movement sleep behavior disorder

BP Blood pressure

CBT Core-body temperature

HRV Heart rate variability

GI Gastrointestinal

MRI Magnetic resonance imaging

PET Positron emission tomography

SPECT Single photon emission computed

tomography

NURR1 Nuclear receptor-related 1 protein

TH Tyrosine hydroxylase

EDS Excessive daytime sleepiness

RLS Restless leg syndrome

MIBG Meta-iodobenzylguanidine

PSG Polysomnograph

MSE Multiscale entropy

NREM Non-REM

CAP Cycling alternating pattern
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6-OHDA 6-Hydroxydopamine

MPTP 1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridine

Mn Manganese

SIRT1 Silent information regulator 1

HSF1 Heat shock factor 1

RT-qPCR Real-time quantitative polymerase chain

reaction

HPLC High-performance liquid chromatography

WB Western blotting

RIPD Rotenone-induced PD

LPS Lipopolysaccharides

ROT Rotenone

ATG5 Autophagy-related gene 5

AMPK Adenosine 50-monophosphate (AMP)-acti-

vated protein kinase

ATP Adenosine 50-triphosphate

ASO Alpha-synuclein overexpressing

IHC Immunohistochemical staining

ELISA Enzyme linked immunosorbent assay

MSP Methylation-specific PCR

PCR-RFLP Polymerase chain reaction-restriction frag-

ment length polymorphism

PPARc Peroxisome proliferator-activated c

Introduction

Parkinson’s disease (PD) is the second most common

neurodegenerative disease, affecting 1% of people aged

over 60, and 3% of those older than 80 years [1, 2]. Many

genetic and environmental factors have been identified to

be involved in the extremely complicated pathogenesis of

PD [3]. The degeneration of dopamine (DA) neurons in the

substantia nigra and the deposition of Lewy bodies

containing a-synuclein are its main pathological features

[4, 5]. Clinically, PD is characterized by a wide range of

motor symptoms (such as resting tremor, rigidity, bradyki-

nesia, and postural and gait disturbance) and non-motor

symptoms (such as mental and cognitive disorders, auto-

nomic dysfunction, sensory impairment, and especially

sleep disorders) [4, 6]. So far the diagnosis of PD mainly

relies on the presence of motor symptoms as the disease

progresses, but it is difficult to make an early diagnosis of

this disease, since there are still no specific blood or other

laboratory tests [7, 8]. Non-motor symptoms of PD usually

occur earlier than motor symptoms and have been accepted

as a promising research topic due to their close correlations

with the progress of PD pathology [8], which may help the

early diagnosis and treatment of PD [8, 9].

Non-motor symptoms of PD include sleep disorders,

emotional disorders, autonomic dysfunction, neuroen-

docrine dysregulation and gastrointestinal (GI) dysfunc-

tions [8]. Sleep disorders in PD patients usually manifest

with disturbances of sleep structure and disorders of the

sleep-wake cycle, mainly presenting with rapid eye move-

ment (REM) sleep behavior disorder (RBD), restless legs

syndrome (RLS), and excessive daytime sleepiness (EDS)

[10–12]. Emotional disorders in PD include depression,

anxiety, increased agitation, aggression, restlessness, and

delirium [13]. Autonomic dysfunctions in PD include

disturbances of the rhythm of blood pressure (BP), heart

rate variability (HRV), and core-body temperature (CBT)

[14–17]. Neuroendocrine function in PD is also disturbed

and manifested by dysregulated hormones secretion [18].

The entire GI tract function is disturbed in PD patients

featuring drooling, swallowing problems, delays in gastric

emptying, and constipation [19, 20].

Interestingly, almost all non-motor symptoms in PD are

associated to a certain extent with an impaired circadian

rhythm [20]. Circadian rhythm is controlled by the

neuronal circadian oscillators located in the central

suprachiasmatic nucleus (SCN) of the hypothalamus and

is executed by the interaction network of various circadian

rhythm genes in almost all organs and tissues [21–23]. In

this review, we update recent progress on the non-motor

symptoms, pathologies, diagnosis, auxiliary examinations

and treatments of PD, with a focus on circadian rhythm

dysregulation. The implications of imaging and the elec-

troencephalogram (EEG) for PD diagnosis are highlighted,

and the impacts of pharmacological and non-pharmaco-

logical therapy for PD on the circadian rhythm system are

also discussed. In addition, we present the recent findings

on the alteration of circadian rhythm genes in PD, which

may help us understand the mechanism of circadian rhythm

dysregulation in this devastating disease. Our review

provides an insight into the important roles of circadian

rhythm dysregulation in PD pathogenesis and may help to

establish a new diagnostic strategy for this disease.

Circadian Rhythm and Circadian Rhythm Genes

Circadian rhythms are 24-h cycles that are part of the

body’s internal clock, running in the background to carry

out essential functions and processes [24]. The circadian

rhythm modulates many physiological processes including

CBT, BP, pulse rate, oxygen consumption, hormone levels,

metabolism, sleep-wake cycles, and GI function [20, 23].

The circadian rhythm is mostly governed by the pacemaker

neurons in the SCN, and is regulated by various circadian

rhythm genes distributed in almost all organs and tissues

[21, 25, 26]. So far, many circadian rhythm genes have

been identified, including circadian locomotor output cycle
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kaput (CLOCK), brain and muscle Arnt-like protein 1

(BMAL1, also called aryl hydrocarbon receptor nuclear

translocator-like), period (PER, including 3 homologs

PER1, PER2, and PER3), cryptochrome (CRY, including

CRY1 and CRY2), neuronal PAS domain protein 2

(NPAS2), retinoic acid related orphan receptor (ROR,

including RORa, RORb, and RORc), nuclear receptor

subfamily 1 group D member 1 (NR1D1, also called Rev-

erba), basic helix-loop-helix family members e40 and e41,

timeless (TIM), D-box-binding protein (DBP), and casein

kinases 1 and 2 [21].

These circadian rhythm genes interact with each other to

form complex networks, mainly via negative feedback

loops, to maintain the homeostasis of the circadian rhythm

at the levels of transcription, translation, and post-transla-

tion [21, 22]. It has been reported that at the beginning of

the night, the expression of Per and Tim is activated by

Clock/Bmal1 heterodimer, and at the end of the night, Per

and Tim proteins are synthesized to form heterodimers

[27, 28]. Per, Tim, or the Per/Tim heterodimer somehow

restrain the activity of Clock and Bmal1 and their own

transcription by entering the nucleus [27, 28]. CLOCK and

BMAL1, two well-known control genes of the family of

basic helix PAS transcription factors, guide the transcrip-

tions of related genes and activate the expressions of PER

and CRY genes to form heterodimers [29–31]. Once Per

and Cry proteins accumulate to a certain level, they form a

complex with Clock/Bmal1 heterodimer, thus inhibiting

the transcription of their own genes [29–31]. At night, the

Per/Cry complex is degraded to start another cycle [29–31].

DA can induce the expression of Per2 by promoting

transcription of the Clock/Bmal1 complex [32]. NPAS2

promotes the expression of RORa and nuclear receptor

Rev-erba, main regulators of Bmal1 expression [33], to

regulate the activity of the Clock/Baml1 heterodimer [34].

The underlying mechanism is that these receptors bind to

the ROR response elements (RREs) located in the Bmal1

promoter, activate Bmal1 transcription through RORs, and

inhibit Bmal1 transcription through Rev-erbs, leading to a

Bmal1 rhythm [13, 34, 35] (Fig. 1). Changes in the

expression spectrum or functions of circadian rhythm

genes may result in a circadian rhythm dysregulation [36].

Circadian Rhythm Dysregulation in Parkinson’s

Disease

Almost all non-motor symptoms in PD are associated with

impaired circadian rhythm [20]. Recently, increasing lines

of evidence suggested that circadian rhythm dysregulation

acts as the chief culprit leading to the non-motor symptoms

of PD [20] (Fig. 1), especially sleep-wake disorders. The

sleep-wake cycle is one of the most important and well-

known circadian rhythms, regulated by the hypothalamus

and reticular formation [8, 37]. About 60%–70% of PD

patients suffer from sleep disorders [10–12]. Among the

various sleep disorders, RBD is a potential early sign of PD

and a parasomnia characterized by abnormal behaviors and

loss of muscle atonia, manifesting in the main forms

related to the REM-related dream-world of vocalizations,

jerks, and motor behaviors during REM sleep [12, 38, 39].

RBD has a low incidence in the normal population but a

high incidence in PD patients [40], causing a greater

burden for care-givers and a higher mortality rate [40, 41].

The physiological nocturnal increase in REM sleep dura-

tion is lost in patients with PD and the increase of REM

frequency across the night in PD patients with RBD is lost,

supporting an alteration in the circadian system in RBD of

PD patients [42]. Polysomnography reveals abnormal

skeletal muscle atonia during RBD and consequently

dream-enactment behavior marked by various redundant

motor activity ranging from simple limb twitches to

violent, complicated movements that may cause injury to

the patient and/or the sleeping partner [10]. These behav-

iors can arise as early as 90 min after the first REM sleep

episode, and occur more likely during a sleep session when

REM sleep is more frequent, especially in the morning

[12, 43]. RBD, as a potent predictor of PD and contributor

to s poor prognosis, is more specific than any of the other

prodromal markers of PD [38, 40].

RLS is also a frequent sleep disorder in PD [44].

Patients with RLS are characterized by the symptoms of

moving the legs with or without sensory alterations which

worsen at rest or with diminished activity and improve with

movement, usually worse at night and in the evening

[45, 46]. The diagnosis of RLS requires the patient’s

symptoms to show circadian variation [47]. It has been

reported that the rhythm of melatonin may be involved in

RLS circadian variability [47, 48]. RLS patients who take

melatonin in the evening often experience worse RLS

symptoms, and bright light exposure may decrease mela-

tonin secretion and reduce RLS motor symptoms [48]. EDS

is also a common manifestation of sleep disorders in PD.

Patients with EDS exhibit the most prominent impairment

in circadian melatonin secretion, indicating an important

role of circadian regulation in the manifestation of the EDS

associated with PD [49].

PD patients who are often disturbed by disrupted sleep–

wake circadian cycles and poor sleep quality may manifest

emotional disorders including depression and anxiety [50].

Sleep, especially REM, is a process of emotional and brain

homeostasis, optimally preparing the whole-body organs

for the restoration of social and emotional function for the

next day [51, 52]. Emotional disorders also affects

subsequent sleep quality, especially the REM latency and

REM duration, probably as a consequence of emotionally

stressful events [53]. Approximately 45% of patients with
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PD suffer from depression, and 50% experience comor-

bidity of anxiety [54, 55]. Increasing lines of evidence have

shown that depression and anxiety are associated with

circadian rhythm dysregulation in PD patients [56, 57].

‘Sundown syndrome’, also referred to as ‘nocturnal

delirium’, which is used to describe mood disorders

peaking in the late afternoon or evening in a daily pattern,

can be found in PD [13], implying a strong relationship

between circadian rhythm dysfunction and mood regula-

tion impairment in patients with PD [58, 59]. Anxiety has

been considered to be related to the pathology of the basal

ganglia with DA and noradrenaline as the responsible

neurotransmitters [8]. DAergic neurons in the midbrain

ventral area innervate the prefrontal cortex, which is

implicated in PD patients with mood disorders [59]. It has

been reported that circadian rhythm dysregulation exacer-

bates DAergic neuronal loss in animal models of PD [60].

RRE overlaps with nerve growth factor inducible-B

response element (NBRE), which is recognized by the

nuclear receptor-related 1 protein (NURR1) in the tyrosine

hydroxylase (TH) promoter [59, 61]. REV-ERBa

antagonizes NURR1-induced activation of the TH pro-

moter via binding to RRE/NBRE, driving circadian TH

expression to regulate the circadian rhythmicity of the

DAergic system [59, 61]. Rev-erba is a key upstream

regulator circadian rhythm gene to regulate mood via

controlling the circadian rhythm of the DAergic system,

suggesting that it is a potential therapeutic target for those

PD patients with comorbid mood disorders [59, 61].

Polymorphisms of circadian rhythm genes have been

shown to be associated with depression in PD patients

[57]. Animal models of PD with emotional disorders need

to be developed to explore the interaction between

circadian rhythm dysregulation and emotion [56].

PD patients often manifest characteristic changes in the

circadian rhythm of BP [14, 62, 63]. Nocturnal hyperten-

sion and postprandial hypotension are distinctive features

in PD patients [14]. The difference between daytime and

night-time BP is significantly smaller in PD than healthy

control subjects [63]. In addition, the difference of CBT

between the daytime and night is also significantly reduced

in PD patients [17]. Moreover, the CBT change is

Fig. 1 Dysregulated circadian rhythm network in Parkinson’s

disease. Circadian rhythm genes interact with each other to form a

complex network. The Clock/Bmal1 heterodimer activates Per and

Tim gene expression, and the Per and Tim proteins form hetero-

dimers. Per, Tim, or Per/Tim heterodimer restrains Clock and Bmal1

activity and their transcription. The Clock/Bmal1 heterodimer

activates Per and Cry gene expression to form heterodimers. Once

Per and Cry proteins accumulate to a certain extent, they form

complexes with Bmal1/Clock heterodimers, and inhibit their own

transcription. Then, the Per/Cry inhibitory complex degrades into the

next cycle. NPAS2 mediates Bmal1 expression via the acid-related

orphan receptor RORa and Rev-erba, and further regulates the

activity of Clock/Baml1 heterodimers. These receptors bind with

retinoic acid-related orphan nuclear receptor response elements,

which are located in the Bmal1 promoter, activate Bmal1 transcrip-

tion through RORs and inhibit Bmal1 transcription through Rev-erbs.

Circadian rhythm dysregulation may impact PD through the induction

of neuroinflammation, impaired protein homeostasis, and redox

homeostasis, manifested by various non-motor symptoms including

sleep disorders such as RBD, RLS, EDS, sundown syndrome, BP

rhythm disorders, CBT rhythm disorders, HRV rhythm disorders,

neuroendocrine function dysregulation, and GI dysfunction. RBD
rapid eye movement sleep behavior disorder, BP blood pressure, CBT
core-body temperature, HRV Heart rate variability, RLS restless leg

syndrome, EDS excessive daytime sleepiness, GI gastrointestinal.
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significantly and negatively related to the severity of RBD

[17]. Recently, it has been reported that changes in the

thermo-regulatory circadian rhythm are associated with

RBD rather than a-synucleinopathy [64], which may

provide a prognostic means of evaluating the risk of

developing PD in patients with idiopathic RBD (iRBD)

[17, 65].

HRV is an index for measuring the autonomic, espe-

cially parasympathetic, functions [66]. A significantly

decreased HRV has been found in PD patients all day

but more sever at night [15, 16]. Moreover, this phe-

nomenon becomes more profound with the motor symp-

toms, implying impaired autonomic, especially

parasympathetic, cardiovascular regulation in PD

[15, 16, 67, 68]. Moreover, HRV is significantly attenuated

in patients with iRBD in the waking state, also indicating

abnormalities of autonomic function in RBD [68]. Con-

sidering the important roles of iRBD in PD [65], the

clinical value of impaired HRV as an early sign of

cardiovascular autonomic circadian rhythm in PD should

be emphasized [15, 68].

Neuroendocrine function has also been correlated with

circadian rhythm. Circadian rhythmic regulation of mela-

tonin secretion is blunted in PD, as shown by the decreased

amplitude of the melatonin rhythm and the reduced 24-h

secreted melatonin level [49]. Breen et al. proposed that the

degenerative changes of the neural structures controlling

pineal function, especially the hypothalamic gray matter

volume loss, are responsible for the reduced melatonin,

which might be associated with the severity of PD [69].

These findings provide anatomical and physiological

evidence of an intrinsic sleep and circadian phenotype

[69]. In PD, after DAergic treatment, the secretion of

melatonin is profoundly increased [70]. Despite melatonin,

the circadian rhythm of cortisol secretion as a sensitive

marker of circadian function is also influenced in PD [20].

At approximately 01:00, cortisol begins to rise with a peak

at approximately 06:00, then declines with some small

fluctuations; this trend also occurs in normal healthy

volunteers, but the secretory pattern in PD patients from

18:00 to 01:00 tends to be flatter [18]. This curve indicates

that cortisol release retains its daily rhythmic pattern but

the total diurnal amount of cortisol secretion is elevated in

PD [18]. This disturbed circadian rhythm of hormone

secretion results in endocrine imbalance and has been

demonstrated to be associated with the impaired alertness

and sleep disorders of PD [18, 49].

GI dysfunction in PD has also been associated with

circadian rhythm dysregulation [71]. PD patients without

GI dysfunction show a higher plasma melatonin concen-

tration than those with GI dysfunction [72]. Researchers

have found that the GI tract is the largest organ to produce

exogenous melatonin other than the pineal gland, and

melatonin may serve important GI barrier functions

[72, 73]. This implies a certain relationship between GI

dysfunction and circadian rhythm dysregulation in PD [72].

Although increasing evidence has predicted potential

correlations between circadian rhythm dysregulation and

motor and/or non-motor symptoms fluctuations, the under-

lying pathological mechanisms are still far from being

clearly investigated [74]. It has been hypothesized that

circadian rhythm dysregulation impacts PD via the induc-

tion of neuroinflammation, impaired protein homeostasis,

and redox homeostasis [75, 76]. Circadian rhythm dysreg-

ulation can trigger strong neuroinflammation and degener-

ation of the nigral DAergic neuronal system, exacerbating

the motor deficit, as an environmental risk factor for PD

development [60, 76]. Interestingly, a-synuclein is rhyth-

mic in various tissues and the synuclein-interacting protein

synphilin shows a strong circadian rhythm in the brain [77].

Circadian rhythm dysregulation may contribute to PD with

aberrant a-synuclein aggregation [77]. Another study has

proposed that circadian rhythm disturbs the redox home-

ostasis resulting in PD [78].

Changes of Imaging and Electroencephalogram

in Parkinson’s Disease Patients with Circadian

Rhythm Dysregulation

While the current diagnosis of PD mainly depends on

clinicians’ subjective judgment of clinical symptoms,

imaging and the EEG may provide assistance in the early

diagnosis and detection of PD pathology [79]. Structural

and functional magnetic resonance imaging (MRI), posi-

tron emission tomography (PET)/single photon emission

computed tomography (SPECT), and cardiac uptake of
123I-labeled meta-iodobenzylguanidine (MIBG) scinti-

grams are commonly used for PD diagnosis [80, 81]. The

circadian rhythm modulates the neuronal activity in

specific areas and widespread networks across the brain.

Imaging and the EEG can present some of these abnor-

malities that are directly related to the ongoing neurode-

generation in the brain of patients with PD [82].

In structural imaging, alterations of gray matter and

white matter in PD are usually identified [83]. White matter

changes are usually associated with circadian autonomic

dysfunctions, including HR and BP variability [84].

Circadian rhythm dysregulation of melatonin levels is

associated with significant hypothalamic gray matter

volume loss and the severity of PD, which may provide

anatomical and physiological evidence for circadian

rhythm dysfunction in PD [69]. The reduced thalamic

volume in PD patients with RBD suggests a pathophysi-

ologic role of the thalamus the underlying mechanism [85].

Sleep impairment in PD patients has also been determined

in association with widespread white matter disintegration
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[86]. Specifically, PD patients with nocturnal hallucina-

tions often exhibit a prominently reduced basal ganglia

volume [87]. PD patients with sleep impairment display

smaller cortical thickness in more extensive areas, includ-

ing the bilateral frontoparietal and lateral temporal regions

[86]. Reduced gray matter volume has been detected in PD

patients with EDS and RLS [83]. Despite structural

imaging, functional MRI is widely used to measure the

functional changes in patients suffering from sleep impair-

ment by estimating the abnormal patterns of brain connec-

tivity [88]. As a whole, during the basic process of

circadian rhythm patterns, basal ganglia dysfunction can

lead to a more complex signal in task-relevant areas, such

as the planum temporale and the inferior parietal lobule,

and in the sequential activation of brain areas, circadian

rhythm onset may result in high activity in the saliency

network and widespread motor areas, and the caudate

nucleus in patients with PD [82].

Combined with molecular imaging including PET and

SPECT, these methods are often used to investigate the

striatal DAergic function by measuring the extent of

neuronal loss in PD [83]. A more severe deafferentation in

the caudate of PD patients with RBD compared to those

without RBD has been reported [80, 89], and the putamen

DAergic function is more severely damaged in PD patients

with RBD than those without RBD [80, 89]. PD patients

with RBD exhibit more severe striatal DAergic deficiency,

indicating a strong association between the presynaptic

DAergic defect and RBD [83]. Molecular imaging reveals

negative correlations between metabolic activity and

DAergic function of the caudate and the severity of EDS

[83]. Other than the DAergic system, cholinergic defi-

ciency has been detected in PD patients with RBD, and the

iron level is altered in PD patients with RLS [83].

Interestingly, cardiac uptake in 123I-labeled MIBG scinti-

grams, which measures the function of cardiac sympathetic

neurons, has revealed a significant correlation between the

systemic BP circadian patterns and cardiac 123I-MIBG

uptake in patients with PD [90]. Furthermore, cardiac

uptake of 123I-labeled MIBG is decreased in PD patients

with clinical RBD compared to those with subclinical RBD

and without sleep disorders [91, 92].

Neuroelectrophysiological examination is becoming

another important technique for detecting the sleep disor-

ders in PD [93, 94]. Polysomnography can be used to

monitor the whole-night EEG followed by multiscale

entropy (MSE) analysis [93]. PD patients usually show

longer sleep latency and a higher spontaneous EEG arousal

index [93]. During non-REM (NREM) sleep, the stage-

specific MSE is increased in PD [93]. Cycling alternating

pattern is a sensitive marker of the early NREM sleep

instability of sleep microstructure altered in PD [94]. EEG

a and r activity are often increased during NREM sleep at

an early stage of PD [95]. Disruption of REM sleep

homeostasis has also been reported in PD with high h/a
(7.8 Hz –10.5 Hz) frequency during 23.00 to 01.40 at night

[96]. Moreover, local field potentials of subthalamic

nucleus activity are significantly increased for b power

values during REM sleep.

While neuroimaging provides spatial evidence about the

structural and functional basis of circadian rhythm dysreg-

ulation, neuroelectrophysiological examination is usually a

supplement for neuroimaging measurement, considering its

high temporal resolution [97, 98]. Both are useful tools to

determine the changes of PD-related circadian rhythm

dysregulation, and may serve as potential biomarkers to

help the early diagnosis of PD.

Altered Circadian Rhythm Genes in Animal Models

of Parkinson’s Disease

Increasing lines of evidence have revealed the altered

expression of circadian rhythm genes in various animal

models of PD (as summarized in Table 1), including

6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP)-lesioned rodents, and

transgenic animal models [99, 100]. For example,

decreased Bmal1 and increased RORa have been reported

in the brain of 6-OHDA model mice [101]. Repeated Mn2?

administration produces abnormal circadian rhythm gene

expression in the brain, together with non-motor symptoms

and PD-like motor impairments in mice [102].

The MPTP marmoset model of PD shows a significant

sleep disturbance remarkably similar to PD patients

manifesting with sleep-onset insomnia and disturbances

in the circadian rhythm [103]. Circadian rhythm alterations

in MPTP-induced DAergic nigro-striatal system lesions in

non-human primates have been evaluated by in vivo PET

and post-mortem TH and DA transporter quantification

[104]. Interestingly, in the light-dark cycle, MPTP-treated

non-human primates show rest-wake locomotor rhythms,

although DA-depleted non-human primates exhibit low

amplitude, decreased stability, and increased fragmentation

[104]. When the circadian system is exposed to constant

light, controls are less influenced whereas in DA-depleted

non-human primates, locomotor rhythms are severely

disturbed or completely abolished together with unaltered

hormonal rhythms [104]. Expression of the circadian

rhythm in MPTP monkeys requires environmental timing

cues [104]. In other words, the central circadian rhythm in

the SCN remains complete in PD primates with DA

lesions, but in the absence of regulation by light, circadian

rhythmic processes of striatal and DAergic functions that

control locomotor output are unable to drive [104]. The

circadian rhythm system of the sleep-wake disturbances in

PD is more profoundly affected than previously thought.
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In addition, the relationship between circadian rhythm

genes and PD pathology has become a hot research topic

(Fig. 2). Based on recent discoveries of circadian rhythm

gene networks associated with PD, a clear linkage has been

found between the antioxidative response and circadian

rhythm gene networks [101, 105]. For example, the

melatonin rhythm modulates the daily rhythmic expression

and activity of several antioxidant enzymes; at night,

melatonin promotes the activity of glutathione peroxidase,

a free radical scavenger, and increases the levels of

oxidized glutathione [105]. Per2 is decreased in mice

injected with 6-OHDA [101], whereas Cry1 binds to the

Clock/Bmal1 complex and inhibits Clock/Bmal1-depen-

dent transcription of Per2, therefore attenuating the

antioxidative response in PD [106]. Silent information

regulator 1 (SIRT1), a highly conserved nicotinamide

adenine dinucleotide (?)-dependent class III deacetylase,

deacetylates Bmal1 and Per2 and exerts protective effects

against PD [101, 107]. The SIRT1 activator resveratrol

reverses the 6-OHDA-induced damage of antioxidative

activity in PD models by decreasing the acetylation of

Bmal1 [101]. Interestingly, light entrainment including

impaired masking, entrainment, and re-entrainment are

affected in the SCN of human mutant A53T-SNCA

transgenic mice [108]. This is associated with reduced

vesicular glutamate transporter 2 immunoreactivity in the

SCN, indicating affected glutamatergic signaling of retinal

ganglion cells, which contributes to the input into the

Table 1 Altered circadian rhythm genes in animal models and patients with Parkinson’s disease.

PD models Samples Methods Results and conclusions References

Rats induced by

6-OHDA

Striatum RT-qPCR; WB Bmal1, Per2;, Rora:. A link between attenuated antioxidative

response and circadian dysregulations in PD.

Wang

et al.
[101]

Rats induced by

6-OHDA treated

with levodopa

Striatum,

SCN,

Plasma

RT- qPCR;

ELISA; HPLC

After levodopa treatment, Bmal1;, peak of Per2 delayed, cortisol

secretion:, melatonin;
Li et al.

[163]

RIPD rats Substantia

nigra

RT-qPCR; WB Bmal1, Clock, NPAS2, Per1 and Per2, Rev-erba and DBP;.

Chronic low-grade neuroinflammation aggravates circadian dys-

regulation in RIPD rats.

Li et al.
[110]

Mul1A6 and park1

mutants Drosophila
Brain RT-qPCR; IHC;

WB

Mul1 and park mutations disrupt Per, Tim, and Clock normal

circadian rhythmic expression during the day. ATG5;, autophagy

involved in circadian dysregulation

Doktór

et al.
[27]

MPTP mouse SCN Bioluminescence,

RT-PCR

Bmal1, Cry1, Rev-erba;, activation of AMPK causes circadian

dysfunction

Hayashi

et al.
[152]

Rats injected with

Mn2?
Hypothalamus RT-qPCR; IHC Bmal1, Clock, NPAS2, Cry1, Per1 and Per2;, Nr1d1 and DBP:.

Mn2? administration produces abnormal circadian rhythm gene

expression

Li et al.
[102]

ASO transgenic mice SCN IHC Per2 expression is not altered in the SCN of ASO mice, weakening

of circadian output is a core feature of PD

Kudo et al.
[99]

17 PD patients PBL RT-qPCR Bmal1, Bmal2;.The relative Bmal1 level correlates positively with

PD severity

Cai et al.
[132]

Ding et al.
[133]

239 PD patients PBL ELISA, RT-qPCR Serum cortisol level:, circulating melatonin level; Breen

et al. [6]

206 PD patients PBL MSP and

sequencing

Methylation only detected in the CRY1 and NPAS2 promoters.

NPAS2 hypomethylation detected in PD vs control

Lin et al.
[134]

480 PD patients PBL PCR-RFLP Polymorphism of Tef rs738499 is associated with depression

symptoms in PD

Hua et al.
[57]

1394 PD patients PBL Illumina Gold-

enGate chips

Genetic polymorphisms in Bmal1 and Per1genes contribute to PD Gu et al.
[136]

646 PD patients PBL Competitive

allele-specific

PCR

CLOCK 3111T/C variant can be an independent risk factor for

motor fluctuation and sleep disorders in PD

Lou et al.
[138]

The animal models of PD as well as the number of patients with PD, the tissues, methods of examination, and the conclusions in each study are

displayed
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circadian system [108]. In mice overexpressing a-synu-

clein, Per2 expression is not altered, but the firing rate of

SCN neurons is reduced, implying that weakened circadian

output is a critical characteristic of PD [99]. The increased

frequency of Tregs expressing Helios and NRP-1 is

associated with the severity of PD [109]. Previous studies

have reported that chronic low-grade neuroinflammation

induced by lipopolysaccharides potentiates the neurotoxi-

city of rotenone and disrupts circadian rhythm gene or

protein expression [110]. BMAL1 plays an important role

in the survival of DAergic neurons and maintain normal

function of the DAergic signaling pathway through regu-

lating microglia-mediated neuroinflammation [111]. Rev-

erba has also been reported to regulate neuroinflammation

[112].

Adult mammals undergo diurnal cycles of autophagy,

which plays a key role in the cellular metabolic cycle

[113]. In the absence of rhythmic autophagy, the accumu-

lation and aggregation of misfolded proteins may lead to

neurodegeneration [113–116]. Circadian rhythm dysregu-

lation during cognitive loss and aging has been tied to the

induction of autophagy [114]. Rev-erba links the circadian

and DA systems and competitively cooperates with Nurr1,

which control the DAergic neuron-associated gene tran-

scription, and further the optimal development and function

of DAergic neurons [117–121]. Nur77, a member of the

nuclear steroid receptor subgroup together with Nurr1 and

NOR-1 participating in DAergic neuron loss and dyskine-

sia induced by levodopa in PD [122], displays an obvious

circadian rhythm with an elevated mRNA level at night

[123].

It has been reported that heat shock factor 1 (HSF1)

participates in neurodegeneration [124, 125]. Some of the

HSF1 targets are associated with alterations of the circa-

dian rhythm, evidenced by upregulated Bhlhe40 and DBP

and downregulated Bmal1 [124]. Non-coding RNAs,

which control the development of neuronal stem cells

and neuronal differentiation [126, 127], undertake epige-

netic regulation of the brain clock system at the transcrip-

tional and post-transcriptional levels [128, 129]. Although

the mechanisms underlying the interplay between circadian

rhythm genes and PD pathology are still largely unknown,

Fig. 2 Circadian rhythm genes and Parkinson’s disease. Circadian

rhythm genes participate in PD pathology via various pathways. The

Clock/Cry complex activates Tim and Per expression to form

complexes and inhibits Clock/Cry complex activity. This network

interacts with ATG5 to regulate autophagy in PD. Clock acetylates

Bmal1, and inhibits the Bmal1/Clock-dependent transcription of Per2.

SIRT1 deacetylates Per2 and Bmal1. This network along with

melatonin interacts with antioxidant enzymes yielding an antioxida-

tive response in PD. Bmal1 and Clock are lower in PD and the Bmal1/

Clock complex-dependent transcription of Per1, Per2, Dbp, and Rev-

erba is inhibited. This network activates microglia-dependent neu-

roinflammation in PD. Rev-erba competitively cooperates with Nurr1

to control DA gene transcription and the development and function of

DA neurons. Some HSF1 targets that are associate with circadian

rhythm genes (RXRA, Bhlhe40, and DBP) are upregulated, while

some others (Bmal1) are inhibited. Non-coding RNAs undertake

epigenetic regulation of the circadian rhythm system, but the

mechanism is not clear. Circadian rhythm alterations, including

abnormal expression of circadian rhythm genes, epigenetic changes,

and gene polymorphisms, participate in the pathogenesis of PD.
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increasing evidence from clinical or experimental studies

has revealed the interactions between circadian rhythm and

PD related genes [130]. Mutations in the PARK2 gene

coding for parkin is a crucial pathogenic gene for the

disruption of mitophagy-mediated mitochondrial quality

control [131]. Using fibroblasts from PD patients carrying

PARK2 mutations, Pacelli et al. revealed that the dramatic

impact of metabolic fluxes on cell circadian rhythm and

circadian rhythm genes relies on mutations in parkin [130].

Drosophila with mutations in genes encoding mitochon-

drial ligases MUL1 and PARKIN, a commonly used model

for research on PD, show an increasing level of total Per

protein, accompanied by elevated total activity, shorter

sleep, higher levels of free radicals, and inhibited

autophagy [27].

Increasing evidence has indicated that the expressions of

circadian rhythm genes are abnormal in various PD

models, and may predict the mechanisms underlying PD

[27, 74, 99]. It is likely that the network of circadian

rhythm genes may play a role in the pathogenic mechanism

of PD. All these findings indicate a potential role of the

circadian rhythm gene network in PD pathogenesis. The

exact modulating mechanisms between the key molecules

such as Nurr1, a-synuclein, and circadian rhythm genes

needs further investigation.

Altered Circadian Rhythm Genes in Patients

with Parkinson’s Disease

More and more clinical studies have investigated the

alteration of circadian rhythm gene expression in periph-

eral blood lymphocytes (PBLs) from patients with PD

[57, 132–138] (Table 1). Several studies have found

abnormal expression of circadian rhythm genes in PBLs

from PD patients. Bmal1 and Bmal2 are significantly

decreased in PD, while the relative Bmal1 level is

positively correlated with PD severity [132, 133]. Most

circadian rhythm gene promoters are devoid of methyla-

tion, except for CRY1 and NPAS2 [134]. However,

compared with healthy controls, epigenetic changes of

hypomethylation in the NPAS2 promoter have been found

in the early stage of disease in PBLs from PD patients

[134, 135]. This finding provides a potential biomarker for

discerning PD patients from healthy subjects [134, 135].

The negative feedback loop of circadian rhythm genes

prompting epigenetic changes of NPAS2 expression may

be the main cause of abnormal Bmal1 and Bmal2 levels in

PD patients’ leukocytes [134]. Gene polymorphisms in the

promoter region of the circadian rhythm genes Bmal1 and

Per1 may play a role in the development of PD [136]. The

variation of Bmal1 rs900147 is more robust in tremor-

dominant patients than postural-instability and gait-diffi-

culty cases, while the association of the PER1 rs2253820

variant is stronger in postural-instability and gait-distur-

bance cases than tremor-dominant cases [136]. The poly-

morphism of Tef rs738499 is often associated with the

depression symptoms and sleep disturbances in PD

[57, 137]. The Clock 3111T/C variant can be regarded as

an independent risk factor for non-motor sleep impairment

and motor fluctuation in PD [138]. The abnormal expres-

sion of circadian rhythm genes, epigenetic changes, and

gene polymorphisms may provide a new perspective for

future study of PD pathogenesis and serve as potential

biomarkers for PD diagnosis.

The possible mechanisms of RBD neuropathology

associated with PD have not been clearly investigated. It

is likely that RBD arises from the same pathogenic

mechanisms that underlie synucleinopathies, with disease

processes beginning in the caudal brain stem where REM

sleep atonia is controlled [139]. Interestingly, Liu et al.

recently found that sleep-wake brain states and motor

behaviors are co-regulated by glutamic acid decarboxylase

2 neurons in the substantia nigra pars reticulata [111]. It is

well accepted that early basal ganglia network dysfunction

during RBD contributes to the development of PD [140]. In

addition, sleep is proposed to help remove the aggregates

of neurotoxic a-synuclein from the brain via the lymphatic

system [141, 142]. REM sleep disorders, especially RBD,

circadian rhythms, and circadian rhythm gene dysfunctions

are proposed to disturb the glymphatic flow and are linked

with Lewy body aggregates and substantia nigra DAergic

cell loss [142]. Furthermore, RBD is associated with

altered expression of clock genes and delayed melatonin

secretion, and circadian rhythm dysregulation is a part of

RBD [143]. Weissova et al. assessed the expression levels

of circadian rhythm genes in PBLs by real-time quantita-

tive PCR and analyzed 24-h melatonin profiles in periph-

eral blood serum by radioimmunoassay in 10 RBD patients

and 9 controls [143]. In the RBD patients, Per2, Bmal1,

and Rev-erba circadian rhythms disappear, the amplitude

of Per3 diminished, and melatonin secretion was delayed

[143]. It is proposed that alterations in the expression of

circadian rhythm genes and melatonin levels in patients

with RBD might be a potential biomarker in the early stage

of synucleinopathies including PD [143]. The intimate

relationship between circadian rhythm disorders and PD

with RBD pathology should be further explored.

Potential Impact of Pharmacological and Non-

pharmacological Therapies on the Circadian

Rhythm

The recent therapies for PD, including levodopa, dopamine

agonists, and monoamine oxidase-B inhibitors, are useful

initial therapies. However the efficacy decreases over time

due to medication tolerance [144]. Then the subsequent
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therapy is started through increasing the dose of the initial

therapy or adding new kinds of treatment including

catechol-O-methyltransferase inhibitors, istradefylline,

and amantadine. Levodopa carbidopa enteral suspension

infusion and unilateral or bilateral deep brain stimulation as

advanced therapy are further added for long-duration PD

patients [144]. Much more interestingly, therapeutic

approaches targeting circadian rhythm system may hold

efficacy and promise. Circadian rhythm dysregulation, as a

potential contributor to the development and progression of

PD, has been proposed as a target for either pharmacolog-

ical or non-pharmacological therapy against PD

[13, 18, 49, 127, 145, 146]. Among PD patients, especially

those with daytime sleepiness and impaired circadian

melatonin secretion [49], exogenous supplementation of

melatonin is considered to be therapeutic for impaired

alertness and poor sleep [49]. However, so far, the outcome

from randomized controlled clinical trials of melatonin

supplements on sleep quality and activity rhythms in

patients with PD has yielded inconsistent results [13].

Melatonin administration successfully improves self-report

measures of sleep as evaluated by Pittsburgh Sleep Quality

Index, but fails to ameliorate sleep quality monitored by

polysomnography and motor dysfunction assessed by the

United Parkinson’s Disease Rating Scale [147]. In addition,

melatonin may be neuroprotective via the MT1 and MT2

high-affinity G protein-coupled melatonin receptors [148].

The discovery of MT1 or MT2 melatonin receptor-

selective drugs may improve the efficacy and lead to new

therapeutic candidates [148]. The WNT/b-catenin pathway

plays an important role in maintaining mitochondrial

functions [149]. The activation of peroxisome prolifera-

tor-activated c (PPARc) can be induced by inhibition of the

WNT/b-catenin pathway [150]. The circadian rhythm can

directly regulate the WNT/b-catenin pathway and PPARc
involved in the reprogramming of cellular energy metabo-

lism, resulting in down-regulation of the classical WNT/b-

catenin pathway and upregulation of PPARc [150, 151].

The WNT/b-catenin pathway and PPARc could serve as

potential therapeutic targets against PD [151]. Activation

of adenosine 50-monophosphate-activated protein kinase

(AMPK) results in circadian dysfunction, suggesting that

adenosine 50-triphosphate (ATP) might be a novel thera-

peutic strategy in PD [152]. It is well-accepted that DA

regulates the circadian rhythm system both directly and

indirectly [153]. Interestingly, researchers have found that

sodium can activate neurons in the SCN by regulating the

circadian rhythm system and output via an excitatory

GABAergic pathway [154]. It seems that pharmacological

therapies alleviating various symptoms of circadian rhythm

dysregulation need to be appraised [153].

Non-pharmacological therapies also play a vital role in

PD treatment. Results from recent clinical trials suggest

that timed light therapy may be a feasible intervention for

improving the sleep-wake cycle, reducing daytime sleepi-

ness, and increasing daily physical activity for PD [127]. It

seems that the combination of timed light therapy with

timed melatonin supplements may be more effective [13].

Daily time-dependent physical exercise at moderate inten-

sity has differential effects on the circadian melatonin

rhythm [146]. Morning exercise may increase parasympa-

thetic activity, while evening exercise may enhance

sympathetic activity during sleep [146]. The specific

characteristics of the autonomic nervous system could be

responsible; furthermore, evening exercise may shift the

offset phase of the nocturnal melatonin rise [146]. Thus,

the sleep-wake cycle is regulated primarily by physical

exercise [146], which gives timed physical exercise the

potential to treat circadian rhythm dysregulation in PD

[49]. Reduction in caloric intake and fasting extends the

life span in animal models [71]. The underlying mechanism

has been attributed the strong antioxidant capacity of

melatonin which is produced by the GI tract [71, 155].

Fasting in animals increases the level of melatonin

produced by the GI tract [155]. Recently, researchers have

founded that intake of melatonin before going to bed might

achieve the same effect as fasting [156]. More and more

patients taking advantage of the antioxidant capacity of

melatonin are taking melatonin daily to treat age-related

PD [71].

It is worth noting that almost all DAergic anti-PD

medications impact sleep [157]. A ‘sleep attack’ which

describes suddenly and unintendedly falling asleep, may

place patients at risk during daily activities such as eating

and driving [157, 158]. PD patients treated with DA

receptor agonists alone or in combination with levodopa,

have a higher incidence of sleep attacks than patients

treated with other agents [157]. To date, sleep attacks have

been occasionally reported in PD patients treated with the

DA receptor agonists pramipexole, ropinirole, piribedil,

and pergolide [158–162]. The potential impact of medica-

tions on the circadian rhythm system in PD have not been

fully investigated. Anti-PD medications may also disturb

the circadian rhythm. PD patients receiving the classical

anti-PD drug levodopa usually suffer from severe circadian

dysfunction [163]. In contrast, melatonin administration

can restore the daily rhythms of serotonin metabolism and

the expression of clock genes in PD animal models [164].

Conclusions

This review summarizes recent research progress on the

non-motor features of PD with special focus on circadian

rhythm dysregulation and altered circadian rhythm genes.

The circadian rhythm gene network maintains the
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generation and regulation of the circadian rhythm. Circa-

dian rhythm dysregulation, especially sleep impairment, is

an early symptom of PD. Findings from imaging and EEG

are useful supplements for the diagnosis of PD associated

with circadian rhythm dysregulation. Many studies have

confirmed the abnormal expression of circadian rhythm

genes in cell and animal models of PD, and occasionally in

patients with PD, indicating a possible involvement of

circadian rhythm genes in disease development. Among so

many etiologies and mechanisms of PD, these findings of

circadian rhythm dysregulation may provide a new per-

spective for further study of its pathogenesis. The alter-

ations of circadian rhythm genes reported in PD patients

may become a new biomarker for its diagnosis and

evaluation of its severity. Moreover, the impacts of

pharmacological and non-pharmacological therapies for

PD on the circadian rhythm system may provide a novel

and prognostic target for its management.
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