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Abstract 
The circadian rhythm (CR) is a fundamental biological process regulated by the Earth’s rotation and solar cycles. It plays a 
critical role in various bodily functions, and its dysregulation can have systemic effects. These effects impact metabolism, redox 
homeostasis, cell cycle regulation, gut microbiota, cognition, and immune response. Immune mediators, cycle proteins, and 
hormones exhibit circadian oscillations, supporting optimal immune function and defence against pathogens. Sleep deprivation 
and disruptions challenge the regulatory mechanisms, making immune responses vulnerable. Altered CR pathways have been 
implicated in diseases such as diabetes, neurological conditions, and systemic autoimmune diseases (SADs). SADs involve 
abnormal immune responses to self-antigens, with genetic and environmental factors disrupting self-tolerance and contributing 
to conditions like Systemic Lupus Erythematosus, Rheumatoid Arthritis, and Inflammatory Myositis. Dysregulated CR may lead to 
increased production of pro-inflammatory cytokines, contributing to the systemic responses observed in SADs. Sleep disturbances 
significantly impact the quality of life of patients with SADs; however, they are often overlooked. The relationship between sleep and 
autoimmune conditions, whether causal or consequential to CR dysregulation, remains unclear. Chrono-immunology investigates 
the role of CR in immunity, offering potential for targeted therapies in autoimmune conditions. This paper provides an overview 
of the connections between sleep and autoimmune conditions, highlighting the importance of recognizing sleep disturbances in 
SADs and the need for further research into the complex relationship between the CR and autoimmune diseases.

Abbreviations:  BAFF = B-cell activating factor, BMAL1 = brain and muscle ARNT-like protein-1, CBT = cognitive behavioral 
therapy, cGAS-STING = cyclic GMP-AMP synthase-stimulator of interferon genes, CK = creatine kinase, CLOCK = Circadian 
Locomotor Output Cycles Kaput, CR = circadian rhythm, CRY = cryptochrome circadian regulator, E-box = enhancer box, IBM = 
Inclusion Body Myositis, IM = inflammatory myopathies, IFNs = interferons, ILs = interleukins, LPS = lipopolysaccharide, MDT = 
multidisciplinary team, MT =melatonin, PER = period circadian regulator, RA = rheumatoid arthritis, Rev-Erbα = reverse orientation 
c-ErbA gene α, RORγt = retinoic acid-related orphan receptor γt, SAD = systemic autoimmune diseases, SCN = suprachiasmatic 
nucleus, SLE = Systemic Lupus Erythematosus, Th = T-helper, TNFs = tumor necrotic factors, TNF-α = tumor necrosis factor 
alpha, TOP1MT = mitochondrial topoisomerase I, Tregs = regulatory T cells.
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1. Introduction
The circadian rhythm (CR), also known as the sleep and wake 
cycle, plays a critical role in maintaining the body’s homeostatic 
mechanisms. The suprachiasmatic nucleus (SCN), located in the 
hypothalamus, regulates the brain’s internal clock, which oper-
ates on a 24-hour cycle. The CR is responsible for controlling 
wakefulness and drowsiness by responding to light variations 
in the environment.[1] This regulation is facilitated by feedback 
loops involving “clock genes” such as brain and muscle ARNT-
like protein-1-2 (BMAL1-2), Circadian Locomotor Output 
Cycles Kaput (CLOCK), period circadian regulator 1-3 (PER1-
3), and cryptochrome circadian regulator 1-2 (CRY1-2).[2] When 
exposed to light, the SCN receives signals from retinal ganglion 
cells, leading to reduced melatonin production by the pineal 
gland through the suppression of the paraventricular nucleus 
and sympathetic nervous system mediated by gamma-aminobu-
tyric acid.

At night, in the absence of light, the SCN resumes melatonin 
production, promoting sleep. This cyclical process affects mul-
tiple systems, including the immune system.[1] The circadian 
oscillations of cytokines, hormones, and other effector mole-
cules regulate the immune system’s ability to defend against var-
ious illnesses. Disruptions in the CR have been associated with 
immune disorders, particularly systemic autoimmune diseases 
(SAD).[3]

SADs encompass a wide range of conditions characterized 
by loss of self-tolerance and heightened immune system activity 
against self-antigens, resulting in widespread damage to vari-
ous tissues and organs.[4] Currently, SADs affect approximately 
400,000 individuals worldwide.[5] This review will focus on 
major systemic inflammatory disorders, namely Rheumatoid 
Arthritis (RA), Systemic Lupus Erythematosus (SLE), and 
Inflammatory Myopathies (IM). SADs tend to have a higher 
prevalence in women, with Sjögren syndrome, SLE, and anti-
phospholipid syndrome exhibiting the most significant gender 
imbalances.[6] Each SAD primarily affects specific age groups.[6,7] 
Kawasaki disease, Henoch-Schonlein Purpura, and conditions 
associated with primary immunodeficiencies are the most com-
mon SADs in children.[6] Young adults are more prone to SLE, 
sarcoidosis, and Behçet’s disease, while Sjögren syndrome is 
more prevalent among middle-aged individuals.[6] Amyloidosis, 
polymyalgia rheumatica, and giant cell arteritis primarily affect 
the elderly.[7]

The loss of self-tolerance associated with SADs is believed 
to have a multifactorial etiology involving genetic, epigen-
etic, and environmental factors.[8–10] Environmental factors 
such as microbes, ultraviolet light exposure, diet, and toxins 
can increase the likelihood of disease occurrence in individu-
als with a genetic predisposition.[9,10] Autoimmunity is thought 
to be induced by excessive inflammatory responses triggered 
by common infections. However, this process is not yet fully 
understood and involves various contributing factors.[8,10] 
Symptom manifestation occurs when autoimmunity leads to 
local tissue inflammation. Tissue destruction may result from 
antibody-mediated damage, immune complex deposition, or 
prolonged inflammatory responses. Epigenetic changes can 
also influence the development of systemic inflammatory con-
ditions, leading to abnormal immune gene expression and the 
overproduction of major inflammatory molecules such as inter-
ferons (IFNs), tumor necrosis factors (TNFs), and interleukins 
(ILs).[8,10] The interplay between the CR and immune genes is 
evident in SADs, with the CR playing a role in the disease’s 
pathophysiology.[5,11] Additionally, the disease itself can affect 
the CR, creating a reciprocal relationship.[5,11] Despite experi-
mental evidence suggesting that the CR regulatory system may 
contribute to the development of autoimmune conditions, sleep 
disturbances observed in patients with SADs are not routinely 
prioritized in therapeutic management.[12] Furthermore, the 
diagnostic criteria for SADs typically include only classic signs 

of inflammation, such as fever, pain, and elevated inflamma-
tory markers, despite the potential importance of CR changes 
in disease progression.[12] This review aims to highlight the sig-
nificance of the CR in managing SADs and describes the most 
promising novel therapeutic targets.

2. Methodology
This narrative review provides a comprehensive overview of 
the circadian rhythm in systemic autoimmune conditions. The 
review included full-text articles written in English, without 
strict date limits on the included study publications. To ensure 
a thorough literature search, multiple databases were employed, 
including PubMed, EMBASE, Google Scholar, the Cochrane 
Library, and Scopus. The search terms used in combination were 
“circadian rhythm,” “sleep,” “sleep deprivation,” and “chro-
no-immunology,” along with relevant terms such as “systemic 
autoimmune conditions,” “rheumatoid arthritis,” “systemic 
lupus erythematosus,” and “inflammatory myopathies.” Studies 
involving both pediatric and adult populations were included to 
provide a comprehensive analysis.

Additionally, additional sources were identified through a 
manual search of references cited in recent reviews focused on 
the role of circadian rhythm in systemic autoimmune condi-
tions. Stringent exclusion criteria were applied, which excluded 
standalone abstracts, case reports, posters, and unpublished or 
non-peer-reviewed studies. These criteria were implemented to 
ensure the inclusion of high-quality and reliable evidence.

The review did not set a predetermined limit on the number 
of studies to be included, aiming to gather a comprehensive 
understanding of the subject matter. Various study designs were 
encompassed, including descriptive studies, cohort studies, and 
observational studies. Both pre-clinical and clinical investigations 
were considered, providing a broad perspective on the impact of 
circadian rhythm in systemic autoimmune conditions. A sum-
mary of the methodology employed is presented in Table 1.

3. Results and discussion

3.1. The role of circadian rhythm in sleep and 
immunological responses

The CR in mammals serves as an intrinsic system that regu-
lates not only wakefulness and behavior but also intracellular 

Table 1 

Summary of methodology for circadian rhythm in systemic 
autoimmune conditions.

Methodology Description 

Literature 
search

PubMed, EMBASE, Google Scholar, the Cochrane Library, 
and Scopus.

Inclusion 
criteria

Full-text articles published in English published till date.
Various study designs, such as descriptive studies, cohort 

studies, and observational studies.
Studied involving pediatric and adult populations.

Exclusion 
criteria

Stand-alone abstracts and unpublished studies.
Non-English studies.

Search terms Keywords include “circadian rhythm” “sleep,” “sleep 
deprivation,” and “chrono-immunology.”

Combined with relevant terms such as “systemic 
autoimmune conditions,” “rheumatoid arthritis,” “systemic 
lupus erythematosus,” and “inflammatory myopathies.”

Additional 
search

A manual search was conducted to find references for 
recently published, disease-specific reviews.

Sample size 
requirement

No strict sample size requirement.
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homeostatic signaling. The CR contains central clocks/regula-
tors in the suprachiasmatic nucleus (SCN), which governs sev-
eral other regulatory pathways. It is important to note that this 
system is not limited to brain cells but influences the regulatory 
gene expression of all cell types.[13] Experimental evidence has 
further demonstrated that even in the absence of sunlight, the 
circadian period in mammals is based on a 24-hour cycle, indi-
cating the presence of an endogenous CR homeostasis main-
tained by conserved regulatory pathways.[13] The CR is largely 
influenced by a 24-hour cycle of transcriptional feedback loops, 
where the transcription of genes is regulated by their protein 
products[14] (Fig.  1). The CLOCK and BMAL1 proteins play 
a key role in this feedback regulation. These proteins form 
complexes with enhancer box (E-box) motifs within specific 
promoter regions, initiating the transcription of clock genes 
such as PER1-3 and CRY1-2.[14] At a specific point, the result-
ing clock proteins can inhibit the CLOCK-BMAL1 dependent 
transcription of PER and CRY genes, establishing a negative 
feedback loop.[14]

Sleep, an important contributor to an individual’s health, 
is essential for the maintenance of immune responses. The 
sleep cycle is strictly regulated by CR genes. Orexin is an 
important signaling molecule, and is crucial for the sleep/
wakefulness cycle. Orexin-producing neurons in the lateral 

hypothalamus are active during wakefulness.[14] These neurons 
project to various sites in the midbrain and hindbrain, stimu-
lating wake-promoting neurons that release neurotransmitters 
such as glutamate, histamine, dopamine, and acetylcholine.[14] 
Yoshida et al determined that orexin levels in mouse models 
follow a 24-hour cycle, with levels increasing during the dark 
hours and decreasing throughout the day.[15] The SCN has also 
been found to regulate this process.[16] In a study by Zhang et 
al, mice with ablated SCNs and control mice were exposed to 
3 different light conditions: 12-hour light and 12-hour dark, 
constant light, and constant dark. Orexin levels were mea-
sured every 4 hours. The control mice exhibited significant 
diurnal fluctuations in orexin concentrations under all con-
ditions, whereas the SCN-ablated mice showed no rhythmic 
fluctuation.[16]

The CR has been found to exert influence on the immune sys-
tem (Fig. 1) and exhibits a bidirectional relationship. Leukocytes 
demonstrate a cyclic pattern, which is achieved through the 
regulatory feedback of clock genes within the cells, accounting 
for the observed circadian variation. CR genes regulate patho-
gen recognition and cytokine secretion.[17,18] Guerro-Vargas et 
al demonstrated the involvement of the SCN in the regulation 
of inflammatory responses. Mice with an absent SCN exhibited 
an extreme and lethal proinflammatory response to stimuli.[19] 

Figure 1. The mechanism of circadian regulation in the suprachiasmatic nucleus and its general effects on immune cell responses and sleep deprivation 
(Original figure created with biorender.com by HH). BMAL-1 = brain and muscle ARNT-like 1, CLOCK = circadian locomotor output cycles kaput, CRY = cryp-
tochrome circadian regulator, PER = period circadian regulator, Rev-Erb = reverse orientation c-ErbA gene α, ROR = retinoic acid-related orphan receptor, SCN 
= suprachiasmatic nucleus.
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In their study, lipopolysaccharide (LPS) from gram-negative 
bacteria was used to induce a proinflammatory response. A 
cycle of susceptibility to inflammatory stimuli was observed by 
administering LPS at different times of the day. During active 
periods, increases in temperature coincided with the release of 
proinflammatory cytokines such as tumor necrosis factor alpha 
(TNF-α) and IL-6.[19]

3.2. The effects of sleep deprivation on the progression of 
autoimmune diseases

Sleep disturbance is frequently reported among patients with 
SADs.[20] For example, studies found that sleep disorders were 
prevalent in 55% to 85% of SLE patients and were associated 
with disease activity, age, pain, and psychological factors such 
as depression.[21,22] There appears to be a bidirectional relation-
ship between circadian disturbances and autoimmune diseases. 
A nationwide study revealed a 70% higher risk of developing 
autoimmune disorders among patients with chronic insomnia.[23] 
Another large population-based cohort study involving 144,396 
patients showed that sleep deprivation increases the risk of SLE 
development.[24] Other studies have observed a higher incidence 
of autoimmune diseases in non-apnea sleep disorders,[25] and rel-
atives of SLE patients with a sleep duration of less than 7 hours 
per night have a higher likelihood of transitioning to SLE in 
the future.[12] However, a recent study did not establish a causal 
relationship between genetically predicted traits (e.g., chrono-
type, sleep duration, insomnia, and daytime sleepiness) and 
SLE.[26] Rather, sleep deprivation has been shown to accelerate 
autoantibody production in mice,[27] which could be related to 
the disease’s progression.

Disruptions in the biological clock, regulated by circadian 
clock genes such as CLOCK, BMAL-1, Reverse orientation 
c-ErbA gene α (Rev-Erbα), PER, and CRY genes, can lead to 
sleep deprivation.[28] The circadian clock is known to be con-
nected to the immune system,[28–30] and any disruption could 
potentially contribute to the development of SADs. Circadian 
clock genes can influence the development of autoimmune dis-
orders through the regulation of innate and adaptive immu-
nity.[29–32] Sleep deprivation can create a proinflammatory 
environment[5] and has been shown to induce the expression 
of autoimmune-associated proteins. Increased expression of 
T-helper 17 (Th17) cell markers such as chemokine receptor 
6, the KI67 cell proliferation marker, and cluster of differenti-
ation 279 (CD279) apoptotic marker, as well as elevated levels 
of chemokine receptor 6, CXC chemokine receptor 3, and Tbet, 
an autoimmune-related marker in B cells, have been noted.[33] 
The increase in inflammatory cytokines and leukocytes could 
heighten the potential for a breach in self-tolerance, partic-
ularly when regulatory T cells (Tregs) are dysregulated.[34] 
CD4 + CD25 + Tregs play a critical role in preventing auto-
immune disorders by maintaining self-tolerance and immune 
homeostasis.[35–37] Reduced numbers of these cells have been 
observed in peripheral blood in SLE and other autoimmune 
diseases.[35–37]

The relationship between telomere shortening and autoim-
mune diseases has been investigated,[38] and there appears to be 
a link between sleep deprivation and telomere shortening. One 
study discovered that poorer sleep quality was associated with 
shortened telomeres in T lymphocytes,[39] while another study in 
Korea found that individuals with poor sleep quality experienced 
accelerated shortening of leukocyte telomeres over a year.[40] The 
Baltimore Longitudinal Study of Aging found that individuals 
with shortened telomeres were more likely to test positive for 
ANA 13 years later,[41] and a meta-analysis revealed significantly 
shorter telomere length among patients with SLE.[42] However, 
further studies investigating the direct relationship between 
sleep deprivation, telomere shortening, and autoimmune disor-
ders are needed to establish a correlation.

Psychological stress is an environmental factor implicated in 
the development of autoimmune diseases. A Swedish retrospec-
tive cohort study found that a clinical diagnosis of stress-related 
disorder increased the subsequent risk of developing autoim-
mune diseases.[43] Another large study reported that veterans 
with post-traumatic stress disorder had twice the risk of devel-
oping SADs compared to veterans without psychiatric disor-
ders.[44] Psychological stress may contribute to sleep deprivation 
among patients with autoimmune disorders,[21,22] and in turn, 
sleep deprivation may further exacerbate the psychosocial stress 
experienced by the patient. A systematic review and meta-anal-
ysis revealed a moderate correlation between depression and 
sleep quality in SLE patients, with a higher level of depression 
found in SLE patients with poor sleep quality.[45] Additionally, a 
preliminary study found that sleep deprivation was associated 
with more depressive symptoms and aggravated pain among 
patients with SLE and fibromyalgia.[46]

3.3. Systemic autoimmune disorders implicated in 
circadian rhythm disruption

3.3.1. Rheumatoid arthritis. RA is an SAD characterized by 
inflammatory primary synovial joint involvement, causing 
morning joint stiffness, progressive joint damage, and loss of 
function.[47] The majority of RA patients have anti-citrullinated 
protein antibodies that activate complement and recruit immune 
cells to the synovium, leading to cytokine, chemokine, and 
complement activation.[47] Immune cell infiltration, along with 
the presence of fibroblasts, contributes to bone erosion in RA.[47]

Several aspects of RA are affected by disruptions in the CR. 
Inflammatory cytokines, such as IL-6, typically stimulate the 
production of corticotropin-releasing hormone in the hypo-
thalamus, leading to corticotropin release from the pituitary 
glands and secretion of glucocorticoids by the adrenal gland.[48] 
Glucocorticoids, including cortisol, and catecholamines like 
adrenaline and norepinephrine, exhibit circadian variations 
and play a significant role in RA. Dysregulation in the synthesis 
and secretion timing or quantity of these hormones can con-
tribute to RA symptoms and pathogenesis. Moreover, abnormal 
activation of the cyclic guanosine monophosphate-adenosine 
monophosphate synthase-stimulator of interferon genes (cGAS-
STING) signaling pathway has been implicated in the develop-
ment of RA.[49]

Glucocorticoids, such as cortisol, are released in response to 
pro-inflammatory events to reduce inflammation by promoting 
the apoptosis of pro-inflammatory T-cells, inhibiting the produc-
tion of B-cell antibodies, and reducing neutrophil migration.[50] 
Interestingly, glucocorticoids also play a role in sleep regulation. 
Inflammatory activity increases during the night, and the release 
of inflammatory cytokines peaks in the early morning, necessi-
tating an increase in anti-inflammatory molecules like cortisol 
closer to awakening. However, patients with RA often exhibit 
dysregulation in this cycle, with cortisol release occurring much 
later compared to healthy individuals.[51,52] At low levels, corti-
sol and its glucocorticoid analogs, such as dexamethasone, are 
considered immunologically “permissive” due to their ability to 
up-regulate proinflammatory receptors.[52] Abnormal hypose-
cretion of cortisol throughout the night in chronic diseases may 
explain the prevalence of early morning joint symptoms in RA 
patients.[51] A study by Poolman et al[53] also demonstrated the 
cyclic pattern of immune pathways, showing modulation of sig-
nal transducer and activator of transcription 3 and IL-6 levels 
based on the time of day.

Light stimulation induces the release of serotonin, dopamine, 
and cortisol, while suppressing the release of melatonin, nor-
epinephrine, and acetylcholine.[54] RA patients often exhibit sig-
nificantly elevated melatonin release throughout the night, as 
well as increased blood levels of melatonin in the early morning, 
contributing to CR disruption. Inflammatory cytokines such as 
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IFN-gamma, IL-1, and IL-6 are released at night in response 
to melatonin activation.[54] Synovial macrophages with mel-
atonin binding sites have been found in the synovial fluid of 
RA patients, and they can induce IL-12 secretion and nitric 
oxide production, potentially exacerbating early morning joint 
discomfort.[55]

In addition to circadian dysregulation of immune media-
tors, studies have revealed alterations in the expression of clock 
genes associated with RA. Clock genes play a role in intracellu-
lar timekeeping and contribute to the circadian control of hor-
mones such as melatonin and cortisol.[56] Lee et al[57] investigated 
the relationship between PER2 and LPS-induced inflammation 
in RA, as PER2 proteins are important for modulating the mam-
malian CR through the transcriptional activation of CLOCK/
BMAL1 via E-box motifs. The study found that PER2 expres-
sion decreased following LPS treatment in RA cells, whereas 
no significant changes were observed in control cells under the 
same conditions.[57] This decrease in PER2 expression may con-
tribute to the circadian dysregulation of inflammatory cytokines 
observed in RA. Emerging evidence linking the circadian cycle 
with immune disturbances suggests that sleep disturbances, 
including difficulty falling asleep, maintaining sleep, and day-
time fatigue, should be considered direct manifestations of the 
disease rather than associated symptoms.[58]

3.3.2. Systemic lupus erythematosus. SLE, also known 
as Lupus Nephritis when it affects the kidneys, is a type of 
SAD. Like other autoimmune conditions, SLE involves a 
breakdown in self-tolerance, which can occur due to cellular 
damage caused by infections or other cytotoxic environmental 
stimuli. Exposure of the immune system to self-antigens triggers 
innate and adaptive responses.[58] Toll-like receptors on the cell 
membrane can be activated by extracellular DNA and RNA, 
leading to the activation of IFN regulatory families, nuclear 
factor kappa B, and Mitogen-activated protein kinase pathways, 
which increase the production of proinflammatory mediators.[58] 
This activation can stimulate neutrophils, T-lymphocytes, 
and B-lymphocytes.[59] In SLE, T cells exhibit abnormal gene 
expression favoring the production of inflammatory cytokines, 
which promote the generation of autoreactive B cells and 
inhibit B-cell neutralization. The uncontrolled proliferation of 
stimulated B cells results in increased self-antigen presentation 
and production of autoantibodies, perpetuating the autoimmune 
response and causing tissue damage.[59] Recent research has also 
shown that the loss of mitochondrial topoisomerase I (TOP1MT), 
a regulator of cytosolic mitochondrial DNA, triggers the release 
of mitochondrial DNA into the cytosol. This, in turn, activates 
the cGAS-STING innate immune signaling pathway, which is 
known to be active in SLE and other autoimmune diseases.[49,60]

SLE-associated dysregulated pathways have been linked to 
circadian abnormalities. Patients with SLE or those at risk of 
developing it often experience sleep disruptions, which sig-
nificantly impact their quality of life.[12] The dysregulation of 
T-cell activity, a hallmark of SLE, can be influenced by the CR. 
Natural Tregs, for instance, follow a 24-hour cycle, and sleep 
deprivation disrupts this rhythm, leading to impaired Treg 
function, which may contribute to an exacerbated autoimmune 
response.[61] This evidence suggests that dysregulation of the CR 
could have a negative impact on disease progression.

The association between melatonin and SLE has been pos-
tulated, but findings from different research groups present 
inconsistent results. Several studies have shown lower levels 
of melatonin in SLE patients compared to controls, with some 
demonstrating a negative correlation between the severity of the 
condition and melatonin levels.[62] Further evidence revealed a 
more complex regulatory role for melatonin. While melatonin 
has been shown to reduce exaggerated Th1 and innate inflam-
matory responses in healthy individuals, it has the opposite effect 
on cells from SLE patients.[63] Melatonin has also been found 
to modulate the levels of IL-6 and IL-9 and the functioning 

of regulatory T cells through the expression of forkhead box 
protein 3 gene and B-cell activating factor (BAFF). Forkhead 
box protein 3 gene controls the growth of regulatory T cells 
responsible for initiating peripheral tolerance mechanisms, thus 
helping to prevent autoimmunity.[64] BAFF, on the other hand, is 
produced by hematopoietic cells and is part of the TNF family 
of cytokines. It plays a crucial role in B-cell activation, differen-
tiation, and survival.[64]

Several studies have implicated circadian clock proteins 
in SLE pathogenesis. Early et al focused on the associations 
between the BMAL1 clock protein and the immune response. 
BMAL1 regulates IL-1B in macrophages through the tran-
scription factors nuclear factor erythroid 2-related factor 2.[65] 
In patients with Lupus Nephritis, nuclear factor erythroid 
2-related factor 2 expression has been found to be increased 
in glomeruli, potentially exacerbating the immune response. 
Another study demonstrated that BMAL1-knockout macro-
phages exhibit insufficiently sustained mitochondrial function, 
enhanced glycolysis, metabolic reprogramming of hypoxia-in-
ducible factor 1-alpha-dependent processes, and inflammatory 
activation.[66] Cao et al[67] investigated the impact of genetic 
clock protein duplication on SLE induced by drugs or occurring 
naturally. Their findings showed that mice lacking CRY1 and 
CRY2 had higher concentrations of anti-nuclear antibodies and 
greater complement precipitation in glomeruli.[67] Furthermore, 
deficiencies in CRY proteins were found to accelerate B-cell mat-
uration in the peritoneal cavity and spleen, potentially leading 
to systemic effects.[67] This evidence suggests that clock proteins 
have broader functions beyond CR regulation and illustrates 
their involvement in SLE.

3.3.3. Inflammatory myopathies. IM constitute a group 
of SADs characterized by muscle inflammation.[68] IMs can 
be further classified into 3 distinct subtypes: Polymyositis, 
Dermatomyositis, and Inclusion Body Myositis (IBM).[68] While 
the pathophysiology of each subtype varies, IM conditions 
generally present with similar symptoms, including muscle 
pain, progressive weakness, and elevated serum creatine 
kinase (CK) levels.[68–70] Several skeletal muscle metabolic and 
signaling molecules have been shown to follow a rhythmic 
cycle.[62,71] BMAL1, for instance, is expressed in skeletal muscles 
and regulated through BMAL1: CLOCK feedback loops.[72] 
In macrophages, BMAL1 has been found to play an immune 
role by inhibiting phagocytosis, impairing immune defences, 
and driving the production of the proinflammatory cytokine 
IL-1β through the modulation of energy metabolism.[73] Studies 
involving mice knockout experiments have described the tissue-
specific activity of BMAL1, where muscle-specific restoration of 
BMAL1 functions corrected muscle weakness without restoring 
circadian behavior.[74] Despite these findings, the significance 
of the CR in IM remains undetermined, and there is limited 
literature on direct circadian mechanisms.

Common causes of IM include viral infections, underlying 
malignancies, predisposing human leukocyte antigen variations, 
and certain medications such as antiepileptics and antiarrhyth-
mics.[75] In some cases, underlying systemic disorders can inap-
propriately activate cytotoxic T-cells against muscular antigens, 
leading to damage to the endomysium layer of skeletal muscle.[68] 
Recent research has shown an increase in the cGAS-STING sig-
naling pathway in individuals with IM, with cGAS and STING 
predominantly found in vascular structures, inflammatory infil-
trates, and atrophic and necrotic fibers.[76] These findings suggest 
a potential disease mechanism where fiber atrophy or necrosis is 
the result of IFN production from the cGAS-STING pathway.[76] 
However, there is no consensus in the literature regarding the 
association between IM and disruptions in the CR. A cohort 
study of 13 adult patients with sporadic IBM found that sleep 
disturbance was more common in IBM patients compared to 
healthy controls.[77] The pathophysiology underlying these dis-
ruptions, however, has not been proposed.
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The initiation of IM is believed to involve the overactivation 
of the complement system, induced by pathogenic autoantibod-
ies binding to endothelial antigens. Proper functioning of the 
complement system relies on the activity of circadian clock reg-
ulatory CRY proteins.[78] Studies involving CRY1/CRY2 double 
knockout mice have shown that the absence of these proteins 
results in an autoimmune disease-like phenotype, with increased 
serum levels of complement component 3, overactivation of 
complement pathways, and subsequent excessive propagation 
of the T-cell response. Conversely, expression of the comple-
ment component 1q protein, which is normally involved in the 
clearance of apoptotic debris and immune complexes, has been 
found to be downregulated in the same animal model. Reduced 
complement component 1q activity has previously been impli-
cated in the progression of SLE.[79] Although there is no compre-
hensive experimental evidence specifically implicating circadian 
regulatory mechanisms in the pathogenesis of Dermatomyositis, 
similar to those described in SLE, it remains unclear whether 
these mechanisms exist in IM. Further research efforts are 
needed to determine whether circadian changes play a role in 
IM and whether interventions targeting the CR could offer ther-
apeutic benefits.

3.4. Future directions in chrono-immunology and treatment 
strategies of SADs

3.4.1. Current guidelines in SADs treatment. The current 
treatment recommendations for SADs primarily involve disease-
modifying agents that target immune pathways.[47,80,81] The 
choice of treatment approach varies depending on the specific 
condition and the severity of the disease.[47,51] Methotrexate, for 
example, has demonstrated efficacy in autoimmune conditions 
by inhibiting leukocyte proliferation through interference 
with nucleic acid synthesis. It is commonly prescribed for 
rheumatic diseases. Tofacitinib, a Janus kinase inhibitor, has 
been proposed as an alternative treatment for RA with similar 
effectiveness.[47,51] TNF inhibitors, such as rituximab, are 
also frequently used. In cases of resistant RA, abatacept, an 
inhibitor of T-cell activation, may be employed.[47] These anti-
inflammatory drugs find application in various autoimmune 
conditions. Specific treatments for SLE include long-term 
therapy with hydroxychloroquine. Glucocorticoids are effective 
in rapidly managing autoimmune flares but are generally not 
recommended for long-term use due to their side effects and 
significant immune suppression.[47,51]

Sleep deprivation is a commonly associated symptom in 
SADs. Despite emerging evidence linking the CR and immune 
system regulatory networks, sleep deprivation is not widely 
accepted as a risk factor, manifestation, or prognostic mea-
sure of autoimmune conditions.[11] For instance, the 2019 
European League Against Rheumatism/American College of 
Rheumatology classification for SLE includes disease crite-
ria such as serum antinuclear antibodies, fever, leukopenia, 
and psychosis.[82] Although recent research has demonstrated 
the significance of the relationship between sleep deprivation 
and SLE, sleep deprivation is not listed as one of the criteria 
and is not prioritized in treatment. However, managing sleep 
disturbances in SLE is crucial as they significantly impact 
patients’ quality of life. Studies have shown that poor sleep-
ers with SLE experience lower self-assessed quality of life 
scores, affecting various essential domains including physical 
and emotional health, energy levels, and intimate relation-
ships.[83] Similarly, sleep deprivation is not considered a risk 
or prognostic factor for RA.[84] Nevertheless, studies high-
light its association with increased pain levels in RA patients. 
A cross-sectional study by Grabovac et al found that 58% 
of RA patients reported suboptimal sleep, and these patients 
experienced higher levels of pain compared to those with 
optimal sleep.[58]

None of the currently used pharmacological approaches in 
autoimmune disease management have been proven effective in 
improving sleep quality for patients.[85] However, several studies 
mentioned in this review emphasize the importance of better 
understanding the role of sleep cycle regulatory mechanisms in 
autoimmune conditions. Incorporating specific strategies aimed 
at restoring proper CR functioning could open up new avenues 
in the treatment of SADs.

3.4.2. Circadian rhythm based approaches in the treatment 
of autoimmune conditions. 
3.4.2.1. Circadian disruption agonists. Novel drug molecules 
are under development to target circadian cycle disruptions 
in patients with SADs. One notable target is Rev-Erb, a major 
transcriptional factor that regulates BMAL1 expression. Several 
Rev-Erbα agonists, such as SR9009 and SR9011, have been 
extensively studied in vivo to assess their therapeutic potential 
(Fig.  2). Although Rev-Erbα agonists have not yet been 
implemented in clinical practice, studies have demonstrated 
their effectiveness in modulating immune responses, metabolic 
disorders, and cancer. For instance, a study by Wang et al 
showed that Rev-Erb agonists suppress the production of IL-17, 
a cytokine involved in inflammatory responses of psoriasiform 
dermatitis.[86] In mouse models, topical application of SR9009 
inhibited the effects of IL-17-producing gamma delta T cells, 
a crucial immune cell type implicated in the pathogenesis of 
multiple SADs such as autoimmune encephalomyelitis and RA. 
Subsequent studies confirmed that the depletion of Rev-Erbα 
increased IL-17 production from these cells, while the synthetic 
agonists suppressed their activity. Furthermore, pharmacological 
modulation of Rev-Erb activity using selective small molecules 
inhibited the progression of autoimmunity, demonstrating the 
viability of Rev-Erb targets for therapy.[86] However, further 
research is required to establish a direct correlation between 
Rev-Erb factors and the regulation of IL-17-producing gamma 
delta T cells, highlighting the need for additional investigations 
to evaluate the therapeutic value of Rev-Erb agonists in other 
autoimmune diseases other autoimmune diseases.

Another therapeutic target for circadian disruption is a selec-
tive retinoic acid-related orphan receptor γt (RORγt) antagonist 
compound called TMP920, which suppresses Th17-mediated 
cell responses (Fig.  2).[87,88] Although the benefits of RORγt 
antagonists have been demonstrated in in vitro and in vivo stud-
ies, it is important to note that there are currently no Food and 
Drug Administration-approved ROR agonists available in the 
market. Nonetheless, these antagonists have shown potential in 
suppressing immune responses within the T-cell lineage and may 
provide therapeutic benefits for autoimmune disorders resulting 
from T-cell dysfunction.[87,88] Ongoing research has identified 2 
novel treatments targeting ROR: 1) endogenous ROR modula-
tors, such as oxysterol, which can bind to the RORα/γ LBD and 
inversely agonize the receptors, and 2) a Liver X receptor agonist 
(T0901317), one of the first synthetic inverse agonists for ROR 
(Fig.  2).[89] Similarly, therapeutic strategies aimed at targeting 
the PER and CRY clock genes are still in the early stages, with 
only one study investigating the effects of small molecules on 
these genes. Jordan et al confirmed in vivo that peroxisome pro-
liferator-activated receptor-δ (can downregulate the association 
of CRY1 and CRY2 through agonist ligand binding (Fig. 2).[90] 
Therefore, further research is warranted to identify and evalu-
ate more pharmacological agents for the treatment of circadian 
dysfunction observed in SADs.

3.4.2.2. Melatonin as a potential therapeutic target. Melatonin, 
a natural hormone released from the pineal gland in accordance 
with the CR, has emerged as a potential therapeutic target. 
Melatonin levels vary throughout the day, with low levels 
during daytime and a peak at night.[91,92] In addition to its 
role in modulating sleep, learning, and memory, melatonin 
acts as a neuroprotective factor in the central nervous system 
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by activating melatonin (MT)1 and MT2 receptors, both of 
which are G-protein coupled receptors (Figs. 2 and 3).[93] The 
immunomodulatory effects of melatonin and its implications for 
autoimmune diseases are noteworthy. Melatonin improves both 
innate and humoral immune responses and regulates cytokine 
production. It modulates immune responses through processes 
such as cyclic AMP signal transduction and L-type Calcium 
channels, which may play an anti-inflammatory role when 
antagonized.[93] In addition to the immunostimulatory release 
of cytokines such as IL-1B and IFN-γ, melatonin application 
to antigen-primed mice has been shown to increase the 
production of IL-10, suggesting a possible anti-inflammatory 
function of melatonin.[94] Other immunosuppressive actions of 
melatonin include inhibition of IFN-gamma, natural killer cell 
activity, TNF-alpha synthesis, and T-lymphocyte proliferation, 
indicating potential mechanisms through which melatonin 
exerts its immunosuppressive effects.[95,96] Moreover, the 
rhythmic release of melatonin helps maintain physiological 
sleep patterns, thereby preventing sleep deprivation, which has 
been associated with exacerbations of autoimmune diseases 
such as RA and SLE.[97] Understanding the complex mechanisms 
by which melatonin suppresses immune function can pave the 
way for novel therapeutic approaches to modulate aberrant 
immune responses. Further research on this subject can guide 
the application of melatonin agonists in the treatment of 
autoimmune diseases, representing an intriguing yet unexplored 
area of immunological research.

3.4.3. Non-pharmacological interventions. 
3.4.3.1. Multidisciplinary team (MDT) approach. In addition 
to novel drug therapies, non-pharmacological interventions 
are available to assist individuals with sleep disturbances 
caused by SADs (Fig.  3). Exercise interventions, for instance, 

have demonstrated improvements in sleep duration and quality 
for people with RA.[98] Implementing a MDT approach is one 
effective intervention. Patients with chronic diseases, including 
SADs, often require consultations with multiple practitioners, 
resulting in longer wait times and delayed treatment.[99] By 
employing an MDT, comprehensive therapy involving various 
specialties can be delivered in a single visit, reducing wait 
times and potentially improving patient health outcomes.[99] 
This collaborative approach is particularly important when 
addressing sleep issues in SADs, as sleep deprivation and SADs 
can impact multiple organ systems and are mutually influenced. 
MDTs have shown improved patient outcomes in various 
illnesses, such as amyotrophic lateral sclerosis, heart failure, 
certain cancers, and sleep quality in Alzheimer’s patients.[7,99] 
These reported benefits, including those in Alzheimer’s patients, 
suggest the potential usefulness of MDTs in treating sleep 
disorders in SAD patients. However, further research is needed 
to better understand their effects.

3.4.3.2. Cognitive behavioral therapy (CBT). CBT is a form of 
psychotherapy designed to help patients improve maladaptive 
behaviors (Fig. 3). It has demonstrated benefits for individuals 
with various conditions, including sleep disorders like 
insomnia.[99] As previously mentioned, many individuals with 
SADs, such as SLE, sleep for fewer than 7 hours per night. 
CBT often involves a combination of treatments, such as sleep 
restriction, cognitive therapy, and sleep psychoeducation.[100] 
A meta-analysis conducted by the European Sleep Research 
Society and the American Academy of Sleep Medicine identified 
CBT as the first-line therapy for insomnia and also showed 
promising effects in treating insomnia in patients with chronic 
pain, fibromyalgia, and breast cancer.[101] Another meta-analysis 
found that insomnia-related symptoms significantly decreased 

Figure 2. Role of melatonin and cortisol in circadian rhythm (created with BioRender.com).[97]
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in intensity 3 to 6 months after CBT treatment, although the 
benefits diminished over time.[102] Given these findings, CBT may 
be a viable therapy for patients experiencing sleep difficulties 
caused by SADs. However, similar to the MDT approach, further 
study is necessary to fully understand its benefits and determine 
its optimal inclusion for improving patient well-being.

4. Conclusion
The interplay between the CR and sleep has been extensively 
studied in the context of immunomodulation. Sleep deprivation 
has been found to exacerbate common SADs such as RA and 
SLE, negatively impacting patients’ health and quality of life. 
However, there is limited data exploring the association between 
immune dysregulation, circadian disruption, and other SADs 
such as IMs, highlighting the need for further investigation in 
future studies. Understanding the intricate relationship between 
sleep physiology and autoimmune exacerbation can lead to the 
development of targeted pharmacological interventions. For 
instance, the use of CR agonists and melatonin administration 
could be explored as potential therapeutic options. Additionally, 
recognizing the value of non-pharmacological treatments such 
as MDT approaches and CBT in managing sleep disturbances in 
autoimmune diseases is essential.

Further investigation is warranted to determine the clinical 
applications of these interventions, ultimately leading to the 
development of novel treatment options that cater to the spe-
cific needs of patients suffering from autoimmune diseases. By 
addressing sleep disruptions and CR disturbances, significant 

improvements in health and outcomes can be achieved in the 
field of rheumatology.
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