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Periodontitis and Circadian Rhythm Disruption: Unveiling the Neuro-Immuno-Metabolic Axis



1. ABSTRACT
Background: Periodontitis is a chronic inflammatory disease driven by dysregulated host immune responses. Emerging evidence suggests that circadian rhythm disruption acts as a significant biological stressor that impairs tissue repair and immune function. This review aims to propose a novel "Neuro-Immuno-Metabolic Axis" to explain the bidirectional relationship between periodontal inflammation and systemic chronobiological health.
Methods: A comprehensive literature search was conducted across PubMed, Scopus, and Google Scholar to identify peer-reviewed research, systematic reviews, and meta analyses published up to the time of review. The search strategy focused on the intersection of periodontitis, clock genes such as Brain and Muscle ARNT-Like Protein-1 (BMAL1), Period (PER), and inflammatory markers including Interleukin-6, Tumor Necrosis Factor-Alpha, and the Receptor Activator of Nuclear Factor Kappa-B Ligand / Osteoprotegerin axis.
Results: Periodontal inflammation acts as a systemic stressor, where cytokines like Interleukin-6 and Tumor Necrosis Factor-alpha dampen circadian amplitude and repress core clock genes like Brain and Muscle ARNT-Like Protein-1. Conversely, circadian rhythm disruption exacerbates periodontitis by skewing macrophages toward a pro-inflammatory M1 phenotype and dysregulating the Receptor Activator of Nuclear Factor Kappa-B Ligand / Osteoprotegerin ratio, leading to accelerated alveolar bone loss.
Conclusion: Periodontitis and circadian rhythm disruption are linked through a self-perpetuating biological cycle. Recognizing this bidirectional axis allows for the development of chronotherapeutic strategies, such as timed melatonin supplementation or synchronized periodontal therapy, to improve clinical outcomes.
Featured Prospective Highlight
· Neuro-Immuno-Metabolic Axis: The review redefines periodontitis as a systemic, biologically desynchronizing state rather than just a local infection.
· Molecular Clock Blunting: Inflammatory cytokines (IL-6, TNF-α) dampen circadian amplitude and directly repress core clock genes like BMAL1.
· Immune Dysregulation: Circadian disruption skews macrophages toward a pro-inflammatory M1 phenotype and prevents the resolution of inflammation.
· Accelerated Bone Loss: Temporal misalignment disrupts the RANKL/OPG ratio, leading to increased osteoclast activity and faster alveolar bone destruction.
· Chronotherapeutic Potential: These findings enable "timed" periodontal therapies and the use of circadian stabilizers like melatonin to optimize healing and tissue repair.
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1. INTRODUCTION 
Periodontitis is one of the most prevalent chronic inflammatory diseases worldwide, representing a major public health concern as the leading cause of adult tooth loss [1,2]. While initiated by a dysbiotic subgingival biofilm, its destructive nature is ultimately driven by an exaggerated and dysregulated host immune response [3]. This pathology is characterized by the sustained release of potent inflammatory mediators, such as Interleukin-1 beta (IL-1β), Interleukin-6 (IL-6), and Tumor Necrosis Factor-alpha (TNF-α), prostaglandins, and matrix metalloproteinases (MMPs), which leads to progressive connective tissue degradation and alveolar bone loss [4,5]. Crucially, beyond its local devastation, periodontitis contributes significantly to systemic low-grade inflammation and has been epidemiologically linked to major non-communicable diseases, including cardiovascular disease and diabetes [6,7].
Recent evidence suggests that the subgingival microbiome itself may exhibit rhythmic fluctuations, where the virulence factors of periopathogens like Porphyromonas gingivalis interface with the host's daily metabolic cycles. This "microbial-circadian crosstalk" suggests that the shift from a symbiotic to a dysbiotic state is not merely a matter of bacterial load, but also of temporal discordance, where the peak of bacterial insult may no longer align with the host's peak defensive capacity.
Concurrently, there is growing recognition that circadian rhythm disruption (CRD) acts as a fundamental biological stressor in modern society. Factors like shift work, sleep deprivation, and chronic psychological stress disturb the crucial alignment between endogenous biological clocks and environmental cues [8]. CRD is now firmly established as a driver of chronic inflammation, immune dysfunction, and impaired tissue repair [9,10]. Importantly, the severity, biomarker expression, and treatment responsiveness of many inflammatory diseases exhibit circadian variation, underscoring the vital role of chronobiology in disease pathogenesis [11,12].
The molecular machinery governing these rhythms, primarily the CLOCK/BMAL1 heterodimer, acts as a transcriptional regulator for thousands of genes involved in the cell cycle and oxidative stress response. In the context of the periodontium, the disruption of these molecular oscillators leads to a pro-inflammatory priming of the gingival tissues. Despite these striking mechanistic overlaps, particularly in shared inflammatory pathways and immune cell regulation, periodontal research has largely conceptualized inflammation as a static or cumulative process, with limited consideration of temporal regulation. This oversight is notable given that all key periodontal cell types, including immune cells, fibroblasts, osteoblasts, and osteoclasts, possess functional peripheral circadian clocks [13,14].
Experimental evidence indicates that pro inflammatory cytokines such as TNF-α can directly interfere with clock gene transcription via Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and Mitogen-activated protein kinase (MAPK) signaling pathways, resulting in dampened circadian amplitude [15]. This suggests that the periodontal pocket may act as a chronic "cytokine pump," sending signals that desynchronize peripheral clocks in distant organs.
This narrative review addresses this knowledge gap by proposing a systematic biological framework centered on the Neuro-Immune-Metabolic (NIM) axis. Our central hypothesis is that periodontitis and circadian rhythm disruption are bidirectionally interconnected through shared inflammatory and neuroendocrine pathways, specifically involving the hypothalamic-pituitary-adrenal (HPA) axis and the rhythmic secretion of cortisol and melatonin [16]. We aim to synthesize the current evidence to demonstrate how chronic periodontal inflammation disrupts circadian homeostasis and, conversely, how circadian misalignment exacerbates periodontal tissue destruction, thereby opening new avenues for diagnostic and chronotherapeutic strategies.
2. METHODOLOGY 

2.1 Study Design
This article was conducted as a Narrative Review to synthesize and critically analyze existing literature concerning the intersection of periodontitis, systemic inflammation, and circadian rhythm biology. The objective was to propose a novel, mechanistic, and bidirectional NIM Axis linking these two major public health concerns.
2.2 Data Sources and Search Strategy
A comprehensive literature search was performed across major electronic databases, specifically PubMed, Scopus, and Google Scholar, to identify relevant studies published up to the time of review. The search was strategically focused on combining key terms related to the two primary disease states periodontitis and circadian rhythm disruption and the proposed mechanistic links. The search utilized terms categorized into three groups including, Periodontitis terms ("Periodontitis," "Periodontal disease," "Alveolar bone loss," and "Gingival inflammation"); Circadian Rhythm terms ("Circadian rhythm," "Circadian disruption" (CRD), "Biological clock," and "Chronobiology"); and Mechanistic/Marker terms ("Inflammatory markers," "Interleukin-6" (IL-6), "Tumor necrosis factor-alpha" (TNF-α), "Prostaglandin E2 (PGE2), "RANKL/OPG," "HPA axis," and "Clock genes" (BMAL1, PER). Search queries utilized Boolean operators (AND, OR) to effectively combine these terms, with examples including: ("Periodontitis" AND "Circadian rhythm") OR ("Inflammation" AND "Clock genes").

2.3 Study Selection Criteria
The selection process focused on identifying peer reviewed medical and biological research articles. Eligibility criteria for inclusion were:
2.3.1 Type of Study
Original research articles, systematic reviews, and meta-analyses.
2.3.2 Relevance
Studies addressing the inflammatory pathways of periodontitis, the regulation of circadian rhythms, or specifically, the interaction between immune/inflammatory markers and chronobiology.
2.3.3 Focus
Mechanistic studies were prioritized, including those on cytokine rhythmicity, neuroendocrine signalling, immune cell trafficking and osteoimmunological regulation.
Studies were excluded if they were non-peer-reviewed content or if they were purely clinical reports that did not address underlying biological mechanisms.
2.4 Data Extraction and Synthesis
The extracted data focused on identifying and detailing the molecular and physiological pathways shared by periodontitis and circadian biology. Information was categorized to build the proposed bidirectional model, focusing on the following mechanistic sections:
2.4.1 Periodontitis to CRD
Systemic effects of periodontal inflammation, including the roles of cytokines IL-6, TNF-α on clock gene dysregulation (BMAL1 repression), prostaglandin effects on HPA axis perturbation, and oxidative stress impact on melatonin.
2.4.2 CRD to Periodontitis
Effects of circadian misalignment on host defense, including immune dysregulation (M1 macrophage skewing), failure of inflammatory resolution and dysregulation of the RANKL/OPG axis in bone remodeling.
The final section of the review synthesized these findings to propose a practical framework for Chronotherapy and suggest avenues for future experimental validation namely, Gingival Crevicular Fluid (GCF) cytokine studies, clock gene profiling, and intervention studies.
3. Circadian Rhythm Biology and Inflammatory Regulation
Circadian rhythms are generated by an endogenous timing system centered in the suprachiasmatic nucleus (SCN) of the hypothalamus and synchronized to environmental light and dark cycles [17]. At the molecular level, circadian timing is governed by transcriptional–translational feedback loops involving core clock genes. The CLOCK and BMAL1 proteins form heterodimers that activate Transcription of Period (PER) and Cryptochrome (CRY) genes, whose protein products subsequently inhibit CLOCK–BMAL1 activity, generating approximately 24 hour oscillations [18]. Crucially, peripheral clocks exist in nearly all tissues, including immune cells, liver, adipose tissue, and bone. These peripheral clocks can become uncoupled from the central SCN under conditions of chronic inflammation or endocrine disturbance [19,20]. Inflammation itself is a rhythmic process consisting of cytokine production, leukocyte trafficking, cortisol secretion, and immune cell responsiveness all exhibit circadian oscillations [21]. Pro-inflammatory cytokines such as IL-6, TNF-α, and IL-1β generally peak during the active phase and decline during the rest phase, partly under the suppressive influence of glucocorticoids [22]. Cortisol, whose diurnal peak occurs in the early morning, acts as a critical anti-inflammatory signal that terminates nocturnal immune activation [23]. Disruption of this rhythm results in prolonged inflammatory signaling and impaired resolution [24]. Importantly, inflammatory mediators can directly modulate the molecular clock. TNF-α and IL-1β activate the NF-κB pathway, which suppresses BMAL1 transcription and dampens circadian amplitude in peripheral tissues. Thus, inflammation is not merely regulated by circadian rhythms rather, it can actively reprogram them [25]. Experimental studies further demonstrate that circadian clock genes actively regulate immune cell function. Clock gene expression in macrophages controls inflammatory gene transcription, immune cell recruitment, and responsiveness to glucocorticoids [26]. Loss of circadian regulation skews immune responses toward sustained pro-inflammatory phenotypes and disrupts temporal coordination of inflammatory resolution [27]. Collectively, these findings establish circadian regulation as a central determinant of inflammatory balance and provide a mechanistic basis for understanding interactions between chronic inflammatory diseases and circadian rhythm disruption [28].
4. Periodontitis as a Chronically Desynchronizing Inflammatory State: The Markers of Systemic Interference
Periodontitis, even in its moderate form, is characterized by a persistent influx of inflammatory mediators into the systemic circulation, creating a low-grade chronic inflammatory milieu that challenges the rhythmicity of the body's clockwork [29]. Clinical and experimental studies have consistently demonstrated that periodontal inflammation contributes to sustained elevations of systemic inflammatory markers, reinforcing its role as a systemic inflammatory stressor rather than a purely localized disease [30].
4.1 Cytokines as Primary Systemic Clock Modulators

The destructive inflammatory milieu of periodontitis results in the sustained release of pro-inflammatory cytokines, principally IL-1β, IL-6 and TNF-α from activated macrophages, lymphocytes, and gingival epithelial cells into the GCF [31]. A significant proportion of these mediators, particularly IL-6, gains access to the systemic circulation, where it serves as a critical molecular link in the periodontitis CRD axis [32]. Even at low but chronically elevated levels, systemic IL-6 acts on the liver to induce acute-phase protein synthesis, notably C-reactive protein (CRP), and simultaneously functions as a non-photic zeitgeber. Persistent periodontal-derived IL-6 signals a continuous inflammatory state to the suprachiasmatic nucleus (SCN) and peripheral clocks, dampening circadian amplitude and inducing phase shifts [33,34]. In parallel, chronically elevated TNF-α sustains activation of the NF-κB pathway, which transcriptionally represses BMAL1, a core component of the molecular clock [35,36]. This mechanism promotes direct molecular desynchronization across peripheral tissues, including the liver, adipose tissue, and circulating immune cells. Clinically, persistently elevated high-sensitivity CRP (hs-CRP), commonly observed in periodontitis patients, serves as a surrogate marker of this chronic cytokine signaling burden and reflects ongoing interference with systemic homeostasis and metabolic clock regulation [30,35].
4.2 Prostaglandins and Perturbation of the HPA Axis

Periodontal inflammation is also characterized by increased synthesis of PGE2 via cyclooxygenase-2 (COX-2) activation [37]. While PGE2 contributes locally to vasodilation and alveolar bone resorption, its systemic effects are equally significant, particularly in activating the hypothalamic–pituitary–adrenal (HPA) axis [38]. Chronic overflow of PGE2 from periodontal lesions stimulates the hypothalamus, promoting sustained release of corticotropin-releasing hormone (CRH) and prolonged HPA axis activation. Over time, this persistent stimulation leads to glucocorticoid resistance and a flattened diurnal cortisol rhythm. Because the morning cortisol surge functions as a key zeitgeber for multiple peripheral clocks, including those governing immune cell activity, disruption of this rhythm results in the loss of a critical temporal cue. Consequently, chronic periodontal stress induced HPA axis dysregulation promotes widespread desynchronization of peripheral immune clocks and impairs the normal anti-inflammatory resolution of the nocturnal immune response [39,40].
4.3 Oxidative Stress and Melatonin Interference

Periodontitis represents a site of pronounced oxidative stress generated by the combined effects of microbial virulence factors and host immune responses, particularly the release of reactive oxidant producing enzymes such as myeloperoxidase (MPO) from activated neutrophils [41]. This sustained oxidative burden may exert systemic effects, including potential damage to the pineal gland, the principal organ responsible for melatonin synthesis [42]. Melatonin, predominantly produced during the nocturnal phase, functions not only as a key chronobiological regulator but also as a potent antioxidant and anti-inflammatory molecule [42,43]. Consequently, the systemic oxidative stress associated with periodontitis may impair nocturnal melatonin production. Reduced melatonin levels result in the loss of an essential circadian stabilizing signal and a diminished nightly antioxidant defense, thereby rendering periodontal tissues more susceptible to oxidative injury and inflammatory damage during the subsequent active phase [45].
5. Circadian Disruption as a Risk Modifier for Periodontal Breakdown: Markers of Impaired Host Defense
The second arm of the bidirectional model proposes that CRD itself acts as a potent risk modifier for periodontal disease by impairing host defense mechanisms and the resolution of inflammation, thereby accelerating periodontal tissue breakdown [46]. This effect is mediated through the loss of rhythmic regulation of immune responses and bone metabolism, both of which are essential for maintaining periodontal homeostasis [47].
5.1. Immune Dysregulation and Failure of Inflammatory Resolution

CRD disrupts the temporal organization of immune cell trafficking and function, directly compromising the host’s capacity to control and resolve periodontal inflammation [48]. Core clock genes such as BMAL1 and PER play a central role in regulating macrophage recruitment and inflammatory phenotype. When circadian regulation is impaired, macrophages are skewed toward a sustained pro inflammatory M1-like state, resulting in prolonged local production of tissue destructive cytokines, including TNF-α and IL-1β within the gingival tissues [49]. Furthermore, the desynchronization of BMAL1 expression in periodontal ligament fibroblasts impairs the rhythmic deposition of extracellular matrix proteins, weakening the structural barrier against oral pathogens. This breakdown is exacerbated by an uncoupled RANKL/OPG ratio, under rhythmic conditions, this ratio is tightly controlled to balance bone remodeling, but CRD drives a nocturnal surge in osteoclastogenesis. Consequently, the lack of temporal rest phases for the alveolar bone leads to accelerated mineral density loss. Beyond exaggerated inflammation, circadian disruption critically interferes with the active resolution phase of the immune response. Resolution of inflammation is a tightly regulated, energy dependent process mediated by specialized pro resolving lipid mediators, such as resolvins and protectins, whose biosynthesis follows a circadian pattern [51,52]. Disruption of circadian control impairs key enzymatic pathways involved in the synthesis of these mediators, including lipoxygenase and cyclooxygenase-dependent pathways, leading to ineffective termination of the inflammatory response [53]. As a result, acute periodontal inflammation fails to resolve appropriately and instead progresses toward a chronic, self-perpetuating, tissue destructive state characteristic of periodontitis [54].
5.2 Osteoimmunological Effects: Dysregulation of the RANKL/OPG Axis

Alveolar bone loss, the defining pathological feature of periodontitis, is governed by the balance between osteoclast-mediated bone resorption and osteoblast-driven bone formation, a process collectively described as osteoimmunology [55]. This balance is under strong circadian control. Bone resorption is regulated primarily by the interaction of NF-κB with its receptor on osteoclast precursors, while osteoprotegerin functions as a decoy receptor that limits osteoclastogenesis [56].
Both osteoblasts and osteoclasts possess functional peripheral circadian clocks, and experimental studies demonstrate that disruption of core clock genes, including BMAL1, enhances osteoclast differentiation and bone resorption [57,58]. In the context of circadian rhythm disruption, dysregulation of clock gene expression in gingival fibroblasts and alveolar bone cells is hypothesized to shift the rhythmic balance toward increased expression of NF-κB relative to osteoprotegerin, thereby favoring pathological bone loss [59].
Circadian disruption also affects connective tissue integrity through altered regulation of matrix remodeling enzymes. MMPs, particularly MMP-8 and MMP-9, are key mediators of collagen degradation in periodontal tissues and are tightly controlled by tissue inhibitors of MMP. Both MMP activity and inhibitor expression exhibit circadian rhythmicity, and disruption of this balance promotes sustained extracellular matrix degradation independent of microbial burden [60]. Collectively, these immune and osteoimmunological alterations position circadian rhythm disruption as a critical modifier of periodontal disease severity and progression [61]. Table 1. outlines the specific molecular drivers ranging from pro-inflammatory cytokines to bone remodeling proteins that facilitate the bidirectional communication between localized periodontal destruction and systemic circadian rhythm disruption. 
 Table 1. Inflammatory Markers as Mediators of the Periodontitis CRD Axis
	
Inflammatory Marker
	
Role in Periodontitis Pathology
	
Hypothesized Role in CRD Link
	
Biological Effect of Dysregulation

	
Interleukin-6 (IL-6) 
	
Local bone resorption, systemic and acute phase proteins induction [62].
	
Chronic Systemic Signal: Acts as a non-photic zeitgeber, dampens the amplitude of central and peripheral clocks [63,64].
	
Loss of temporal coordination in immune cell function and metabolic pathways [65].

	
Tumor necrosis factor-α (TNF-α)  and Interleukin-1β (IL-1β)
	
Local tissue destruction, major driver of inflammation [66].
	
Molecular Repressor: Drives NF-κB activation, which directly suppresses the transcription of the core clock gene BMAL1 [67].
	
Flattening of circadian oscillations in immune cells and epithelial barriers [68].


	
Prostaglandin
E2 (PGE2)
	
Local vasodilation, pain, osteoclast activation [69].
	
HPA Axis Activator: Sustained systemic PGE2 causes chronic HPA activation, leading to a flattened diurnal cortisol rhythm [70].
	
Loss of the critical morning anti-inflammatory signal, promoting chronic tissue damage [71].


	
RANKL/OPG Ratio (Receptor Activator of Nuclear Factor-κB Ligand to Osteoprotegerin)
	
Direct driver of alveolar bone resorption (Increase in RANKL) [72]
	
Peripheral Clock Target: Clock genes in osteoblasts/osteoclasts regulate RANKL expression rhythmically. CRD increases the destructive RANKL/OPG ratio [73].
	
Accelerated, rhythmic alveolar bone loss leading to attachment loss [74].


	
Matrix Metalloproteinases (MMPs) 
	
Degradation of connective tissue collagen [75].
	
Rhythmic Degradation: Circadian control over MMP/TIMP balance. CRD shifts balance toward sustained collagen breakdown [76].
	
Accelerated periodontal ligament and gingival tissue destruction 
[77].



6. The Proposed Bidirectional Neuro Immuno Metabolic Model
The integration of systemic inflammatory mediators, molecular clock machinery, and neuroendocrine signaling defines a self-perpetuating biological cycle that links periodontitis with CRD [78]. This conceptual framework establishes a bidirectional feedback loop: chronic periodontal inflammation acts as a persistent stressor that triggers systemic circadian desynchronization, while reciprocal circadian misalignment accelerates the destruction of periodontal tissues via profound immune and metabolic dysregulation [79]. 
6.1 Periodontitis Drives Desynchronization
Chronic periodontal infection and sustained microbial challenge result in persistently elevated levels of gingival crevicular fluid and systemic inflammatory mediators, including IL-6, TNF-α and PGE₂ [80]. These mediators exert direct and indirect effects on both central and peripheral circadian clocks. Systemic cytokine signaling dampens clock gene amplitude, disrupts phase coherence, and promotes desynchronization between the central pacemaker and peripheral tissues [81]. Pro-inflammatory cytokines, particularly TNF-α, activate NF-κB signaling, which directly represses transcription of the core clock gene BMAL1, leading to molecular clock suppression in immune and metabolic tissues [82]. In parallel, PGE₂ mediated activation of the HPA results in chronic stimulation and eventual flattening of the diurnal cortisol rhythm [83]. Because the morning cortisol surge serves as a critical zeitgeber for immune and metabolic clocks, disruption of this signal promotes widespread circadian misalignment. Collectively, chronic periodontal inflammation acts as a persistent systemic stressor that erodes temporal organization across neuroendocrine, immune, and metabolic pathways, culminating in circadian desynchronization [84].
6.2 Desynchronization Drives Periodontitis
Conversely, circadian rhythm disruption exacerbates periodontal disease progression by impairing host defense mechanisms and the resolution of inflammation [85]. Loss of circadian control disrupts the timing of immune cell migration, skews macrophage polarization toward a sustained pro-inflammatory phenotype, and suppresses the synthesis of specialized pro-resolving lipid mediators required for termination of inflammation [86]. Circadian misalignment also disrupts osteoimmunological regulation within the periodontium [87]. Clock genes expressed in osteoblasts and osteoclasts regulate rhythmic expression of receptor activator of NF-κB and osteoprotegerin, thereby maintaining balanced bone remodelling. Disruption of clock gene function shifts this balance toward increased RANKL expression and reduced osteoprotegerin activity, favoring excessive osteoclastogenesis and pathological alveolar bone loss. In parallel, circadian disruption alters the rhythmic regulation of matrix metalloproteinases and their inhibitors, leading to sustained extracellular matrix degradation within periodontal connective tissues [88]. These combined immune, bone, and connective tissue effects establish circadian disruption as a potent amplifier of periodontal tissue destruction independent of microbial burden [89]. Together, these reciprocal pathways form a self-reinforcing neuro-immuno-metabolic loop, as depicted in Figure 1, suggesting that treating only the local microbial component of periodontitis may be insufficient in individuals with underlying circadian misalignment, just as correction of sleep or circadian disturbances alone may not resolve the source of chronic periodontal inflammation [86-89].
7. Clinical and Research Implications
Recognition of the bidirectional interaction between periodontitis and circadian rhythm disruption provides a strong conceptual foundation for the application of chronobiology to periodontal care. Integrating circadian principles into diagnostics and therapy offers opportunities to refine risk stratification, personalize treatment timing, and improve clinical outcomes in chronic periodontal inflammation.
7.1 Chronobiology- Informed Periodontal Risk Assessment
Circadian rhythm disruption can be objectively assessed using validated chronobiological biomarkers and incorporated into periodontal risk evaluation. Clinical assessment may include analysis of the diurnal cortisol slope, nocturnal melatonin peak or trough levels, and characterization of sleep wake phase using actigraphy or validated sleep questionnaires. Flattening of the diurnal cortisol rhythm and reduced nocturnal melatonin production are increasingly recognized as systemic indicators of chronic inflammatory and circadian stress states [90]. Beyond systemic markers, future diagnostic strategies may integrate inflammatory and clock-related biomarkers to define a periodontitis associated inflammatory chronotype. For example, profiling core clock gene expression, such as BMAL1 and PER2, in peripheral blood mononuclear cells or gingival fibroblasts, alongside established GCF inflammatory markers including IL-6 and MMP-8, may provide a dynamic molecular signature linking inflammatory burden with circadian misalignment [91]. Such integrated biomarker panels could enhance early identification of patients at risk for rapid periodontal breakdown and poor therapeutic response.
7.2 Timing of Periodontal Therapy

The success of periodontal interventions both surgical and non-surgical depends on the host innate capacity for inflammation control and tissue repair, both of which are inherently rhythmic. Outcomes may be optimized by aligning therapy with periods of peak anti-inflammatory activity, such as the morning cortisol surge or the rest phase synthesis of pro resolving lipid mediators.
By synchronizing scaling, root planing, and pharmacological adjuncts with these endogenous cycles, clinicians can reduce inflammatory overshoot and enhance wound healing. This shift toward chronotherapy emphasizes that when a treatment is delivered is as critical as what is administered to minimize chronic inflammatory burden [90,91]. Specific therapeutic strategies and their biological targets are detailed in the Table 2.
Table 2. Chronobiological Targets for Periodontitis Therapy
	Strategy 
	Rationale Based on CRD/Inflammation Link
	Specific Chronobiological Target/Action
	Potential Clinical Outcome

	
Melatonin Supplementation

	
Melatonin stabilizes the clock, is a potent antioxidant, and has anti-inflammatory properties.
	
Restarting a robust nocturnal melatonin peak and  increasing local antioxidant capacity.
	
Reduced oxidative stress in the periodontium and stabilized osteoblast and osteoclast rhythm [92].

	
Glucocorticoid Timing 
	
Correcting the flattened diurnal cortisol slope to restore the anti-inflammatory termination signal
	
Low dose, timed glucocorticoid or cortisol synthesis modulator delivery (morning or late evening).
	
Enhanced resolution of chronic inflammation and reduced systemic inflammatory overflow [93].

	
Omega-3 Fatty Acids 
	
Omega-3 metabolites (Resolvins) are required for the active resolution of inflammation, which is a rhythmic process.
	
Supplementation timed to enhance nocturnal and rest-phase peak of resolution mediators.
	
Improved immune cell clearance of inflammation, reduction in destructive cytokine TNF-α levels [94].


	
Clock Gene Modulators 
	
Directly restore the amplitude and phase of the peripheral clock machinery.
	
Future therapeutic agents that specifically upregulate BMAL1 expression in immune/bone cells.

	
Resynchronization of immune cell trafficking and RANKL/OPG rhythmicity [95].




8. DISCUSSION
This narrative review synthesizes emerging evidence supporting a previously underexplored bidirectional neuro-immuno-metabolic axis linking periodontitis and circadian rhythm disruption. The central interpretation is that periodontitis should no longer be regarded as a purely localized oral inflammatory condition but rather as a chronically desynchronizing systemic inflammatory state capable of perturbing central and peripheral circadian regulation [26, 29, 71]. This systemic perturbation occurs via the cytokine brain axis where oral-derived inflammatory mediators reach the hypothalamus, potentially altering the master pacemaker in the suprachiasmatic nucleus (SCN). Such findings align with broader literature demonstrating that chronic inflammatory diseases, including rheumatoid arthritis, metabolic syndrome and inflammatory bowel disease exhibit strong circadian dependence in disease severity, cytokine expression and therapeutic responsiveness [69, 95]. Similar to these conditions, periodontitis is characterized by sustained elevations of IL-6, TNF-α, PGE₂ and MMP mediators known to suppress core clock gene expression and dampen circadian amplitude [12, 15, 37]. At the molecular level, this clock blunting effect creates a vicious cycle, chronic inflammation weakens the molecular clock and a weakened clock loses its ability to suppress NF-κB activation, leading to a state of hyper-inflammation. Experimental studies have shown that TNF-α mediated activation of NF-κB directly represses BMAL1 transcription a mechanism consistent with the inflammatory milieu observed in periodontitis [15, 25]. Epidemiological data further support this framework, as shift workers and individuals with sleep disorders demonstrate higher prevalence and severity of periodontal disease, even after adjustment for behavioral confounders [19]. This association is likely mediated by the dysregulation of the HPA axis, chronic CRD leads to flattened cortisol rhythms, stripping the periodontium of its natural morning anti-inflammatory pulse. Circadian disruption also compromises host defense by skewing macrophage polarization toward a sustained pro-inflammatory M1 phenotype and impairing the synthesis of specialized pro-resolving lipid mediators (SPMs), thereby preventing effective termination of inflammation [49–53]. Without the rhythmic rise and fall of these lipoxins and resolvins, the periodontium remains in a state of catastrophic chronicity. In parallel, dysregulation of clock-controlled bone remodeling pathways amplifies alveolar bone loss through disruption of the RANKL/OPG axis [56–59]. Under normal conditions, BMAL1 restricts osteoclast activity. However, its repression in periodontitis allows for uncoupled bone resorption. Together, these findings challenge the traditional linear model of periodontal pathogenesis and introduce temporal biology as a critical determinant of disease progression and therapeutic response. This paradigm shift suggests that chronotherapeutic interventions such as timing SRP or the administration of host modulation agents to coincide with specific circadian windows may significantly enhance clinical outcomes.
9. Future Perspectives and Clinical Directions
The identification of the neuro-immuno-metabolic axis shifts the view of periodontitis from a localized infection to a temporally regulated systemic condition. To translate this framework into clinical practice, the following research priorities are proposed:
9.1 Diagnostic Chronotyping
Research should focus on establishing inflammatory chronotypes by profiling core clock genes like BMAL1 and PER2 in GCF alongside traditional markers like IL-6.
9.2 Temporal Biomarker Mapping
Studies must characterize the 24-hour rhythmic oscillations of MMP-8 and the RANKL/OPG ratio to determine if peak destruction occurs at specific diurnal intervals.
9.3 Chronotherapeutic Validation
Clinical trials are needed to evaluate if aligning SRP with the morning cortisol surge or rest-phase lipid mediator synthesis significantly improves healing outcomes.
9.4 Adjuvant Chronomedicine
Investigating the efficacy of timed melatonin supplementation or specific clock gene modulators as adjuncts to conventional therapy could provide a new dimension of personalized periodontal care.
10. CONCLUSION

Periodontitis and circadian rhythm disruption share fundamental inflammatory, neuroendocrine, and osteoimmunological mechanisms mediated by common molecular pathways, including IL-6, and TNF-α dysregulation of the RANKL/OPG axis [29,56–59]. Recognizing periodontitis as both a contributor to and a consequence of circadian misalignment introduces a novel oral systemic paradigm in which chronic periodontal inflammation functions as a biologically desynchronizing state rather than a purely localized disease [40,71]. This previously underexplored neuro-immuno-metabolic axis warrants focused experimental and clinical investigation and holds promise for the development of chronobiology informed diagnostic and therapeutic strategies to manage this highly prevalent chronic inflammatory disease and its systemic sequelae.
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Figure 1. The Bidirectional Neuro-Immuno-Metabolic Axis in Periodontal Pathogenesis
[image: ]
Description: The proposed Neuro-Immuno-Metabolic Model illustrates a self-perpetuating cycle where chronic periodontitis acts as a systemic stressor, releasing pro-inflammatory mediators like TNF-α, IL-6, and PGE2 into the circulation. These markers induce Circadian Desynchronization by dampening clock amplitude and flattening the diurnal cortisol slope, which strips the body of its natural anti-inflammatory rhythm. Reciprocally, this desynchronization leads to a loss of immune organization and reduced levels of Specialized Pro-resolving Lipid Mediators (SPMs), skewing the host response toward a persistent pro-inflammatory state. Ultimately, this axis elevates the RANKL/OPG ratio, fueling Accelerated Periodontal Destruction through sustained alveolar bone loss and connective tissue degradation.



1

image1.jpeg
High RANKL
(Receptor Activator

Tumor
of Nuclear factor- Necrosis
kappa B Factor-a
Ligand)/OPG

(TNF-a),
(Osteoprotegerin) ( )

el e
izati in-|
5 The Proposed (16),
Bidirectional

L
e Neuro Immuno o
G Metabolic Model S
Mediators (PGE2)

(sPMs)





