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Postoperative pain is a prevalent clinical issue that significantly impacts patient recovery, making its management crucial for rehabilitation. Recent studies have shown that postoperative pain not only affects the physiological state of patients but may also disrupt their circadian rhythms, leading to decreased sleep quality and physiological dysfunctions. This review aims to explore the effects of postoperative pain interventions on circadian rhythm disturbances, analyze the underlying mechanisms, and summarize the effective strategies currently used in clinical practice. Through a comprehensive analysis of the relevant literature, we will highlight the importance of pain management during the recovery process and emphasize its potential role in regulating circadian rhythms. Pharmacological treatments like NSAIDs and melatonin have shown efficacy in regulating circadian rhythms and improving sleep quality in postoperative patients. Multimodal analgesia combining pharmacological and non-pharmacological methods (e.g., CBT, acupuncture) can optimize pain relief while minimizing side effects. However, further research is needed to clarify the bidirectional relationship between pain perception and circadian rhythms and translate these findings into clinical practice.
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1 Introduction

Postoperative pain represents a significant challenge for patients after surgery, greatly affecting their comfort and recovery process. Managing this pain effectively is crucial, as it not only enhances patient satisfaction but also contributes to better recovery outcomes. Recent studies have highlighted the intricate relationship between postoperative pain and circadian rhythms, suggesting that pain can disrupt the body’s natural biological clock, which in turn negatively affects sleep quality and various physiological functions (Zee et al., 2013; Guo et al., 2023; Jiang et al., 2024). This review aims to explore how interventions aimed at managing postoperative pain influence circadian rhythms, while also clarifying the underlying mechanisms and clinical implications of this relationship. After surgery, patients often experience changes in their sleep patterns and circadian rhythms, both of which are essential for maintaining homeostasis and overall health. Disruptions in these rhythms can worsen pain perception, creating a harmful cycle that hinders recovery (Barnadas Solé et al., 2021; Li et al., 2023; Šmon et al., 2023). This review aims to systematically evaluate how postoperative pain interventions modulate circadian rhythm disruptions, analyze underlying mechanisms, and summarize evidence-based strategies for clinical implementation.

A multi-center, prospective cohort study revealed that 53.9% of surgical patients experienced severe postoperative pain (Numerical Rating Scale ≥7) within the critical 0–24 h postoperative window. This nociceptive burden was significantly associated with impairments in mood, ambulation, deep breathing, and sleep quality, alongside increased incidence of vertigo, nausea, and fatigue (p < 0.05) (Emrich et al., 2023). Notably, this statistical pattern has shown no significant improvement across three decades of observational research, underscoring the urgent need for innovative analgesic strategies (Wu et al., 2024). For instance, research shows that patients with severe postoperative pain frequently report poor sleep quality, which can lead to increased pain sensitivity and longer recovery times (Büyükyilmaz et al., 2011; Wylde et al., 2011). The connection between pain and circadian rhythms is complex, involving various biological systems such as hormonal regulation, immune responses, and neurophysiological mechanisms (Santos et al., 2020; Bumgarner et al., 2021; Zhu et al., 2024). A thorough understanding of these interactions is vital for developing effective pain management strategies that not only aim to relieve pain but also support the restoration of circadian rhythms and improve overall health (Kaur and Shyu, 2018; Seiger et al., 2024).

The onset of chronic postoperative pain can result in a range of ongoing complications, often presenting as chronic pain syndromes that may be influenced by disruptions in circadian rhythms (Liu et al., 2021; Suarez-Roca et al., 2024). Consequently, it is essential for healthcare providers to implement a multimodal approach to pain management that takes into account the circadian factors affecting both pain perception and recovery (Al-Waeli et al., 2020; Tanaka et al., 2021; Daguet et al., 2022).

While previous research has touched on the relationship between postoperative pain and circadian rhythms, there is a lack of comprehensive analysis and practical guidance for clinicians. While previous studies have linked postoperative pain to circadian dysfunction, few reviews have synthesized the bidirectional relationship or translated findings into actionable clinical guidelines. This review aims to explore the various interventions available for managing postoperative pain, their impact on circadian rhythms, and the potential to enhance patient outcomes through focused pain management strategies.


1.1 Physiological mechanisms of postoperative pain

The physiological mechanisms underlying postoperative pain involve a complex interplay between the peripheral and central nervous systems in the transmission and processing of nociceptive signals. This process begins when peripheral nociceptors identify harmful stimuli, converting them into electrical impulses that travel along afferent nerve fibers to the spinal cord. Within the spinal cord, the relay of pain signals is facilitated by several receptors, including transient receptor potential (TRP) channels and purinergic receptors, which are vital in modulating pain perception (Khan et al., 2019; Yang L. et al., 2023). Upon reaching the dorsal horn of the spinal cord, these signals undergo additional processing, during which excitatory neurotransmitters such as glutamate and substance P are released, further amplifying the pain response (Han et al., 2021).

The phenomenon of central sensitization can occur when the spinal cord becomes more responsive to stimuli, leading to increased sensitivity to pain and the potential development of chronic pain (Lai et al., 2024). This is particularly relevant in postoperative situations, where surgical injuries can sensitize the nervous system, resulting in heightened pain experiences after surgery. Research has shown that hypersensitivity to pain before surgery can predict the severity of postoperative pain, highlighting the importance of assessing pain sensitivity prior to surgical procedures (Del Tedesco et al., 2023; Lai et al., 2024). Understanding how pain signals are transmitted and processed is crucial for developing effective pain management strategies in postoperative care.

The central nervous system (CNS) plays a key role in how pain is perceived and modulated, especially during recovery after surgery. Pain signals processed in the spinal cord are sent to various brain regions, including the thalamus and cortex, where emotional and cognitive aspects of pain are integrated. The brain not only interprets these signals but also modulates them through descending pathways that can either enhance or diminish pain perception (Zhang et al., 2023).

In the context of postoperative recovery, acute pain can trigger neuroinflammatory responses that heighten pain perception and may lead to cognitive deficits, especially in older adults (Zhao et al., 2021). This neuroinflammatory response is driven by the release of pro-inflammatory cytokines, which can sensitize neurons and change synaptic plasticity, resulting in persistent pain. Furthermore, neurotrophic factors like brain-derived neurotrophic factor (BDNF) are essential for pain modulation and recovery following surgical procedures (Rajamanickam et al., 2024). Understanding the CNS’s response to pain is crucial for developing targeted therapies that can mitigate postoperative pain and its associated complications, ultimately improving patient outcomes in surgical settings.



1.2 Biological basis of circadian rhythm

Circadian rhythms are innate biological mechanisms that function on a roughly 24 h cycle, playing a crucial role in regulating various physiological processes across different organisms (Ikonomov et al., 1998; Wang et al., 2021). At the heart of these rhythms is the circadian clock, primarily located in the suprachiasmatic nucleus (SCN) of the hypothalamus in mammals, which serves as the main pacemaker (Schwartz et al., 1980; Liang et al., 2025). This nucleus is essential for synchronizing peripheral oscillators found in nearly all tissues, ensuring that the organism’s physiological functions align with external environmental signals, especially the cycles of light and darkness. The molecular basis of the circadian clock involves a complex network of genes and proteins that interact in feedback loops to regulate the expression of clock-related genes. For instance, acute surgical injury triggers a cascade of pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), which disrupt circadian clock gene expression in both the suprachiasmatic nucleus (SCN) and peripheral tissues (Paladino et al., 2014). These cytokines downregulate the transcription of core clock genes BMAL1 and CLOCK, while upregulating PER2 and CRY1 in a time-dependent manner, leading to desynchronization between the central and peripheral circadian oscillators (Guo et al., 2015). For instance, TNF-α-mediated inflammation directly impairs SCN function by altering glutamate receptor signaling, thereby blunting the SCN’s response to light–dark cues (Paladino et al., 2014). Recent studies have highlighted the importance of post-translational modifications in the stability and function of these clock proteins, emphasizing the dynamic nature of circadian regulation and its evolutionary conservation across various species (Philpott et al., 2022; Sharma and Partch, 2024).

Circadian rhythms significantly influence a range of physiological states, including metabolism, sleep–wake cycles, hormonal secretion, and immune responses (Cable et al., 2021; Liu et al., 2022). Disruptions to these rhythms, often seen in scenarios like shift work or chronic jet lag, can lead to negative health outcomes, such as metabolic disorders, cardiovascular problems, and mood disturbances. For example, research indicates that misalignment of circadian rhythms can negatively impact glucose metabolism and insulin secretion, thereby heightening the risk of developing type 2 diabetes (Ashraf et al., 2019). Circadian rhythms play a crucial role in regulating the gastrointestinal system, and when these rhythms are disrupted, it can lead to functional gastrointestinal disorders (Fowler et al., 2022). Research shows that these rhythms also have a significant impact on mental health, with disturbances exacerbating conditions like bipolar disorder and depression (Jermann et al., 2020). Additionally, the timing of medication intake, known as chronotherapy, is increasingly recognized as essential for enhancing therapeutic effectiveness, as the metabolism and effectiveness of drugs can be greatly influenced by the body’s circadian rhythms (Lassi et al., 2021). Understanding the biological underpinnings of circadian rhythms is therefore vital for developing strategies to mitigate the health consequences of circadian disruption and to promote overall well-being.

The PER3 VNTR polymorphism changes how pain is regulated throughout the day. Carriers of the PER3(5/5) genotype show reduced pain inhibition in the afternoon compared to those with the PER3(4/4) genotype. This reduction is linked to sharper decreases in serum BDNF and S100B levels during the day (Carvalho et al., 2019). This finding is consistent with data from myocardial infarction that indicate PER3(5/5) genotypes are linked to pain that occurs primarily in the morning, along with increased inflammatory markers (Lipkova et al., 2014).



1.3 Postoperative pain and circadian rhythm relationship

The bidirectional interaction between postoperative pain and circadian rhythms is increasingly recognized as a critical determinant of recovery outcomes. Postoperative pain is not just a physiological response to surgical injury; it also follows a circadian rhythm dictated by the body’s internal biological clock. Studies indicate that the severity of pain and inflammatory responses fluctuate throughout the day in line with these rhythms, which are regulated by clock genes (Rodríguez-Palma et al., 2025). For example, research has shown that administering non-steroidal anti-inflammatory drugs (NSAIDs) during the active phase of the circadian cycle can lead to better pain management and recovery compared to giving them during the inactive phase (Al-Waeli et al., 2020). This is because the body’s natural healing processes, including the release of anti-inflammatory cytokines, are more effective at specific times of the day. Therefore, pain management strategies should consider the timing of medication to align with these biological rhythms for optimal results (Al-Waeli et al., 2020; Tamimi et al., 2022).

Circadian rhythm disorders can manifest in various clinical symptoms, especially during surgical interventions. Patients may face sleep disturbances, heightened sensitivity to pain, and increased anxiety and delirium, all of which can impede recovery. For instance, studies have shown that surgeries performed at night can lead to poorer postoperative outcomes due to misalignment with circadian rhythms, adversely affecting sleep quality and raising the incidence of postoperative delirium (Cicekci et al., 2024; Jiang et al., 2024). Moreover, the impact of circadian rhythm disruptions on pain perception is significant, as certain pain conditions (Junker and Wirz, 2010; Knezevic et al., 2023), like fibromyalgia, exhibit specific fluctuations in pain intensity throughout the day (Korszun, 2000). Healthcare professionals should consider the timing of surgical procedures and pain relief methods to align with patients’ circadian rhythms, as this synchronization is essential for improving recovery outcomes and minimizing complications (Knezevic et al., 2023; McEachern et al., 2024). Effectively managing postoperative pain while taking circadian factors into account can significantly enhance patient experiences and overall recovery paths.

Melatonin disruption plays a critical role in the interplay between pain and circadian dysfunction. Chronic pain not only significantly disrupts circadian rhythms but also creates a harmful cycle that intensifies both pain and sleep-related issues (Chen et al., 2016; Kaur and Shyu, 2018; Fujimoto et al., 2024). Specifically, postoperative pain can inhibit the synthesis of melatonin by reducing the activity of arylalkylamine N-acetyltransferase (AANAT), the key enzyme in melatonin production. As melatonin levels drop, patients often experience poor sleep quality and heightened pain perception, given that melatonin has direct analgesic effects through the modulation of spinal cord glutamate release via MT1/MT2 receptors.

This relationship is further evidenced by the temporal variations in pain perception. Research indicates circadian-dependent fluctuations in nociceptive thresholds, with increased sensitivity noted in the late evening and decreased sensitivity in the early morning (Kubynin and Ignatov, 1996). Patients undergoing abdominal surgery, for instance, report significantly higher pain intensity at night, which aligns with diminished melatonin secretion and elevated pro-inflammatory cytokines such as IL-6. This chronic state of sleep fragmentation due to pain exacerbates the production of pro-inflammatory cytokines, perpetuating circadian misalignment.

Moreover, the body’s response to pain can disrupt hormonal balance, particularly affecting melatonin production, which is essential for maintaining circadian rhythms (Gögenur et al., 2007). The resulting sleep disturbances not only impede recovery but also elevate the risk of postoperative complications. Effective pain management is thus crucial to prevent disruptions in circadian rhythms and facilitate a more efficient recovery process (Tan et al., 2019; Al-Waeli et al., 2020). Chronic pain significantly disrupts circadian rhythms, creating a harmful cycle that exacerbates both pain and sleep-related issues. The body’s response to pain can interfere with hormonal balance, particularly affecting melatonin production, which is crucial for regulating circadian rhythms. When pain leads to sleep disturbances, it can impede recovery and increase the risk of postoperative complications. Research shows that patients experiencing acute postoperative pain often report sleep issues, which may worsen pain perception and elevate anxiety levels (Al-Waeli et al., 2020; Yang J. et al., 2023). This relationship highlights the importance of effective pain management to prevent disruptions in circadian rhythms, ultimately facilitating a more efficient recovery process (Vij et al., 2018; Yin et al., 2022). Additionally, understanding how pain affects circadian rhythms could lead to innovative treatments, such as using melatonin or other chronobiotic substances to mitigate these negative effects (Cicekci et al., 2024; Jiang et al., 2024) (Figure 1).
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FIGURE 1
 Interactions between circadian rhythms disorder, neuroinflammation and pain interventions. The figure illustrates the links between pain, neuroinflammation (including glial cells and neurons), and circadian rhythms. Further study is needed to understand the mechanisms regulating circadian pain.




1.4 Pain intervention strategies and methods

Pharmacological treatments play a crucial role in pain management, providing a wide array of medications to address various pain types, including acute, chronic, and procedural discomfort. Recent advancements in pharmacotherapy have focused on refining existing medications and developing new agents that specifically target pain pathways. For instance, NSAIDs and opioids are commonly used, but their use is often tempered by concerns regarding side effects and the potential for addiction, especially with opioids (Boblewska and Dybowski, 2023). Consequently, there is a growing interest in alternative pharmacological options, such as innovative analgesics that interact with different receptors, including cannabinoids and certain antidepressants that have shown effectiveness in treating neuropathic pain (Hurley-Wallace et al., 2021). Additionally, the integration of pharmacogenetics into pain management strategies is starting to personalize treatment approaches, allowing for more tailored therapies based on individual genetic profiles that influence drug metabolism and effectiveness (Watanabe et al., 2024).

Recent investigations have highlighted the importance of multimodal analgesia, which combines pharmacological agents with non-pharmacological methods to optimize pain relief while minimizing side effects. For example, using NSAIDs together with acetaminophen or adding therapies like gabapentinoids has shown to provide better pain management than using a single treatment alone (Boblewska and Dybowski, 2023). Additionally, the trend of drug repurposing has gained traction, particularly during the COVID-19 pandemic, as existing medications are being explored for new roles in pain management (Khadka et al., 2020). In summary, as pharmacological strategies evolve, the focus remains on improving effectiveness, reducing adverse effects, and integrating these therapies into a comprehensive pain management approach.

Non-pharmacological approaches have gained widespread recognition in pain management as critical complements or alternatives to pharmacological therapies (Wei et al., 2022). These methods-including cognitive behavioral therapy (CBT), physical therapy, acupuncture, and mindfulness-based interventions-have demonstrated efficacy in alleviating pain and improving overall quality of life (Garland et al., 2019; Klausen et al., 2019; Yang et al., 2021). For instance, CBT has shown significant effectiveness in chronic pain management by addressing psychological aspects of pain, enhancing coping strategies, and reducing pain-related disability (Thorn and Kuhajda, 2006; Smith et al., 2019; Urits et al., 2019, p. 51). Similarly, physical therapies such as physiotherapy and exercise have been validated for pain relief, particularly in musculoskeletal disorders, where they improve functionality and decrease reliance on medications (Fortún-Rabadán et al., 2021; Hurley-Wallace et al., 2021).

These integrative approaches not only optimize pain management but also enhance patients’ overall quality of life. Acupuncture is a significant non-drug approach that has gained recognition for its ability to relieve pain. Systematic reviews indicate that acupuncture can significantly reduce pain intensity, particularly in conditions like osteoarthritis and chronic lower back pain (Brinkhaus et al., 2003; Xu et al., 2013; Chang et al., 2022). Mechanistically, acupuncture modulates the hypothalamic–pituitary–adrenal axis, reducing cortisol levels and promoting melatonin synthesis (Li et al., 2021). Additionally, integrative methods that combine various non-drug techniques, such as mindfulness meditation and yoga, have shown promise in relieving pain and enhancing psychological well-being. This suggests that a comprehensive approach to pain management could yield the best results (Wolkin, 2015; Zeidan et al., 2015; Johnston et al., 2023).

Postoperative pain management involves a variety of techniques targeting different mechanisms within the pain pathway, ranging from local anesthetics to systemic medications like opioids and NSAIDs. These strategies aim to alleviate pain by either blocking pain signals at their origin, reducing inflammation, or modulating the central nervous system’s perception of pain. An overview of the schematic diagram of pain management and drug mechanism of action, is depicted in Figure 2.
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FIGURE 2
 Schematic diagram of pain management and drug mechanism of action. The figure illustrates the basic principles and interrelationships of different pain management methods, helping to understand how to improve pain management effects through these interventions. NSAIDs, non-steroidal anti-inflammatory drugs; CBT, cognitive-behavioral therapy.





2 Potential areas and challenges for future research

Future research should focus on areas like personalized medicine, digital health monitoring, and the discovery of new biomarkers. The increasing use of smartwatches and other digital health technologies calls for effective integration of these tools into pain management, representing a key area for further exploration (Xie et al., 2021; Imeraj et al., 2022). However, future research must tackle challenges such as addressing ethical issues in current clinical trials, variability in patient selection, and barriers to data sharing (Morain et al., 2022; Møller et al., 2024). Progress in these areas will advance medical research, improve clinical treatment outcomes, and ultimately enhance patients’ quality of life.

The circadian rhythms play a crucial role in enhancing patient comfort and optimizing recovery outcomes. This systematic review emphasizes the increasing recognition of effective pain management strategies as essential for postoperative recovery and overall quality of life. The interplay between pain and circadian rhythms is complex, influenced by biological, psychological, and social factors, necessitating a multifaceted approach to pain management that considers these diverse perspectives. While traditional analgesic methods have been thoroughly examined, there is an urgent need to explore innovative strategies, including multimodal analgesia and non-pharmacological interventions, to assess their effectiveness and potential integration into clinical settings. Future research should focus on the bidirectional relationship between pain perception and circadian rhythms, investigating how disruptions in circadian cycles can exacerbate pain and vice versa. Gaining insights into these interactions could lead to the creation of tailored pain management strategies that align with patients’ biological rhythms, ultimately enhancing recovery outcomes. Additionally, fostering interdisciplinary collaboration among healthcare providers, researchers, and patients is crucial for advancing this field. Engaging patients in their pain management choices can empower them and potentially lead to better treatment outcomes.

Evidence highlights a two-way relationship between postsurgical pain and disruptions in circadian rhythms, which are influenced by neuroinflammatory pathways and neuroendocrine imbalances. To improve treatment outcomes, clinicians should consider timing analgesic medications in accordance with the body’s natural circadian rhythms. This involves scheduling nonsteroidal anti-inflammatory drug (NSAID) doses to coincide with periods of heightened pro-inflammatory cytokine activity, as determined by circadian biomarker profiling. Such a chronotherapeutic strategy could enhance the effectiveness of pain relief while reducing the risk of developing tolerance by aligning treatment with biological rhythms. Current guidelines suggest using a multimodal approach that combines α₂-adrenergic agonists with complementary therapies, such as electroacupuncture, to effectively manage pain signaling and correct circadian misalignment. Melatonin, which plays dual roles in pain relief and circadian regulation, can help reduce postoperative pain and restore normal sleep–wake cycles, particularly in patients with substantial circadian misalignment. A thorough assessment of circadian rhythms should include both subjective evaluations, like validated sleep questionnaires, and objective measurements, such as actigraphy to track rest-activity cycles, to accurately gauge circadian health.



Author contributions

DM: Conceptualization, Funding acquisition, Supervision, Visualization, Writing – original draft, Writing – review & editing. LL: Formal analysis, Methodology, Software, Writing – review & editing. WL: Formal analysis, Visualization, Writing – review & editing. JX: Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by Science and Technology program of Jinhua Science and Technology Bureau (2021-4-179) and Foundation of Zhejiang Provincial Education Department (Y202146994).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that Gen AI was used in the creation of this manuscript. Generative AI tools were used to assist in language editing and formatting of the manuscript. Specifically, e.g., Deep Seek and Kimi was employed to refine sentence structure, grammar, and clarity. All content generated by AI was thoroughly reviewed, revised, and verified by the authors to ensure accuracy, consistency with the study’s objectives, and alignment with academic integrity standards. The authors retain full responsibility for the final content and conclusions presented in this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Al-Waeli, H., Nicolau, B., Stone, L., Abu Nada, L., Gao, Q., Abdallah, M. N., et al. (2020). Chronotherapy of non-steroidal anti-inflammatory drugs may enhance postoperative recovery. Sci. Rep. 10:468. doi: 10.1038/S41598-019-57215-Y 

 Ashraf, H., Ahmad, J., Hassan, A., and Ali, A. (2019). Computational modeling and analysis of the impacts of sleep deprivation on glucose stimulated insulin secretion. Biosystems 179, 1–14. doi: 10.1016/J.Biosystems.2019.02.005 

 Barnadas Solé, C., Zerón Rugerio, M. F., Foncillas Corvinos, J., Díez-Noguera, A., Cambras, T., and Izquierdo-Pulido, M. (2021). Sleeve gastrectomy in patients with severe obesity restores circadian rhythms and their relationship with sleep pattern. Chronobiol. Int. 38, 565–575. doi: 10.1080/07420528.2020.1866003 

 Boblewska, J., and Dybowski, B. (2023). Methodology and findings of randomized clinical trials on pharmacologic and non-pharmacologic interventions to treat renal colic pain – a review. Cent. European J. Urol. 76, 212–226. doi: 10.5173/Ceju.2023.92 

 Brinkhaus, B., Becker-Witt, C., Jena, S., Linde, K., Streng, A., Wagenpfeil, S., et al. (2003). Acupuncture randomized trials (ART) in patients with chronic low Back pain and osteoarthritis of the knee – design and protocols. Forsch Komplementarmed Klass Naturheilkd 10, 185–191. doi: 10.1159/000073474 

 Bumgarner, J. R., Walker, W. H., and Nelson, R. J. (2021). Circadian rhythms and pain. Neurosci. Biobehav. Rev. 129, 296–306. doi: 10.1016/J.Neubiorev.2021.08.004 

 Büyükyilmaz, F. E., Şendir, M., and Acaroğlu, R. (2011). Evaluation of night-time pain characteristics and quality of sleep in postoperative Turkish orthopedic patients. Clin. Nurs. Res. 20, 326–342. doi: 10.1177/1054773811406110 

 Cable, J., Schernhammer, E., Hanlon, E. C., Vetter, C., Cedernaes, J., Makarem, N., et al. (2021). Sleep and circadian rhythms: pillars of health-a keystone Symposia report. Ann. N. Y. Acad. Sci. 1506, 18–34. doi: 10.1111/Nyas.14661 

 Carvalho, F., Pedrazzoli, M., Gasparin, A., Dos Santos, F., Zortea, M., Souza, A., et al. (2019). PER3 variable number tandem repeat (VNTR) polymorphism modulates the circadian variation of the descending pain modulatory system in healthy subjects. Sci. Rep. 9:9363. doi: 10.1038/S41598-019-45527-Y 

 Chang, C.-Y., Gau, M.-L., Huang, C.-J., and Cheng, H.-M. (2022). Effects of non-pharmacological coping strategies for reducing labor pain: a systematic review and network Meta-analysis. PLoS One 17:E0261493. doi: 10.1371/Journal.Pone.0261493 

 Chen, W.-W., Zhang, X., and Huang, W.-J. (2016). Pain control by melatonin: physiological and pharmacological effects. Exp. Ther. Med. 12, 1963–1968. doi: 10.3892/Etm.2016.3565 

 Cicekci, F., Sargin, M., and Siki, F. O. (2024). How does circadian rhythm affect postoperative pain after pediatric acute appendicitis surgery? Anesth. Pain Med. 19, 125–133. doi: 10.17085/Apm.23038 

 Daguet, I., Raverot, V., Bouhassira, D., and Gronfier, C. (2022). Circadian rhythmicity of pain sensitivity in humans. Brain J. Neurol. 145, 3225–3235. doi: 10.1093/Brain/Awac147 

 Del Tedesco, F., Sessa, F., Xhemalaj, R., Sollazzi, L., Dello Russo, C., and Aceto, P. (2023). Perioperative analgesia in the elderly. Saudi J Anaesth 17, 491–499. doi: 10.4103/Sja.Sja_643_23 

 Emrich, N. L. A., Tascón Padrón, L., Komann, M., Arnold, C., Dreiling, J., Meißner, W., et al. (2023). Risk factors for severe pain and impairment of daily life activities after cesarean section—a prospective multi-center study of 11,932 patients. J. Clin. Med. 12:6999. doi: 10.3390/Jcm12226999 

 Fortún-Rabadán, R., Jiménez-Sánchez, C., Flores-Yaben, O., and Bellosta-López, P. (2021). Workplace physiotherapy for musculoskeletal pain-relief in office workers: a pilot study. J. Educ. Health Promot. 10:75. doi: 10.4103/Jehp.Jehp_888_20 

 Fowler, S., Hoedt, E. C., Talley, N. J., Keely, S., and Burns, G. L. (2022). Circadian rhythms and melatonin metabolism in patients with disorders of gut-brain interactions. Front. Neurosci. 16:825246. doi: 10.3389/Fnins.2022.825246 

 Fujimoto, M., Sekiyama, H., Nakamoto, H., Takata, J., and Sawamura, S. (2024). Changes of melatonin secretion in the neuropathic pain induced sleep disorder model rat. Sleep Biol. Rhythms 22, 463–470. doi: 10.1007/S41105-024-00529-W 

 Garland, S. N., Xie, S. X., Duhamel, K., Bao, T., Li, Q., Barg, F. K., et al. (2019). Acupuncture versus cognitive behavioral therapy for insomnia in Cancer survivors: a randomized clinical trial. J. Natl. Cancer Inst. 111, 1323–1331. doi: 10.1093/Jnci/Djz050 

 Gögenur, I., Middleton, B., Burgdorf, S., Rasmussen, L. S., Skene, D. J., and Rosenberg, J. (2007). Impact of sleep and circadian disturbances in urinary 6-sulphatoxymelatonin levels, on cognitive function after major surgery. J Pineal Res. 43, 179–184. doi: 10.1111/j.1600-079X.2007.00460.x

 Guo, B., Yang, N., Borysiewicz, E., Dudek, M., Williams, J. L., Li, J., et al. (2015). Catabolic cytokines disrupt the circadian clock and the expression of clock-controlled genes in cartilage via An Nfкb-dependent pathway. Osteoarthr. Cartil. 23, 1981–1988. doi: 10.1016/J.Joca.2015.02.020 

 Guo, R., Ye, J., Liao, B., Luo, X., and Rao, P. (2023). The relationship between anesthesia and melatonin: a review. Front. Pharmacol. 14:1255752. doi: 10.3389/Fphar.2023.1255752 

 Han, Q., Yue, L., Gao, F., Zhang, L., Hu, L., and Feng, Y. (2021). The prediction of acute postoperative pain based on neural oscillations measured before the surgery. Neural Plast. 2021:5543974. doi: 10.1155/2021/5543974 

 Hurley-Wallace, A. L., Nowotny, E., Schoth, D. E., and Liossi, C. (2021). Online multidisciplinary interventions for Paediatric chronic pain: a content analysis. Eur. J. Pain 25, 2140–2154. doi: 10.1002/Ejp.1827 

 Ikonomov, O. C., Stoynev, A. G., and Shisheva, A. C. (1998). Integrative coordination of circadian mammalian diversity: neuronal networks and peripheral clocks. Prog. Neurobiol. 54, 87–97. doi: 10.1016/S0301-0082(97)00069-5 

 Imeraj, A., Pihl, A., Jakobsen, P. R., Jacobsen, P. K., Søndergaard, J., and Brandt, C. J. (2022). Clinical applications of smartwatches. Ugeskr. Laeger 184:V03210225.

 Jermann, F., Richard-Lepouriel, H., and Aubry, J.-M. (2020). Light – darkness and bipolar disorder. Rev. Med. Suisse 16, 1745–1747. doi: 10.53738/REVMED.2020.16.707.1745 

 Jiang, L., Wang, J., Chen, W., Wang, Z., and Xiong, W. (2024). Effect of clock rhythm on emergence agitation and early postoperative delirium in older adults undergoing Thoracoscopic lung Cancer surgery: protocol for a prospective, observational, cohort study. BMC Geriatr. 24:251. doi: 10.1186/S12877-024-04846-0 

 Johnston, J. D., Schatz, J., Bills, S. E., Frye, B. G., and Carrara, G. C. (2023). Preschool pain management program for young children with sickle cell disease: a pre-post feasibility study. J. Pediatr. Psychol. 48, 330–340. doi: 10.1093/Jpepsy/Jsac096 

 Junker, U., and Wirz, S. (2010). Review article: chronobiology: influence of circadian rhythms on the therapy of severe pain. J. Oncol. Pharm. Pract. 16, 81–87. doi: 10.1177/1078155209337665 

 Kaur, T., and Shyu, B.-C. (2018). Melatonin: a new-generation therapy for reducing chronic pain and improving sleep disorder-related pain. Adv. Exp. Med. Biol. 1099, 229–251. doi: 10.1007/978-981-13-1756-9_19 

 Khadka, S., Yuchi, A., Shrestha, D. B., Budhathoki, P., Al-Subari, S. M. M., Ziad Alhouzani, T. M., et al. (2020). Repurposing drugs for COVID-19: An approach for treatment in the pandemic. Altern. Ther. Health Med. 26, 100–107.

 Khan, A., Khan, S., and Kim, Y. S. (2019). Insight into pain modulation: nociceptors sensitization and therapeutic targets. Curr. Drug Targets 20, 775–788. doi: 10.2174/1389450120666190131114244 

 Klausen, S. H., Rønde, G., Tornøe, B., and Bjerregaard, L. (2019). Nonpharmacological interventions addressing pain, sleep, and quality of life in children and adolescents with primary headache: a systematic review. J. Pain Res. 12, 3437–3459. doi: 10.2147/JPR.S216807 

 Knezevic, N. N., Nader, A., Pirvulescu, I., Pynadath, A., Rahavard, B. B., and Candido, K. D. (2023). Circadian pain patterns in human pain conditions – a systematic review. Pain Pract. 23, 94–109. doi: 10.1111/Papr.13149 

 Korszun, A. (2000). Sleep and circadian rhythm disorders in fibromyalgia. Curr. Rheumatol. Rep. 2, 124–130. doi: 10.1007/s11926-000-0052-4

 Kubynin, A. N., and Ignatov, I. D. (1996). Chronopharmacological features of the pain-relieving effects of analgesics. Anesteziol. Reanimatol. 4, 7–9.

 Lai, H. H. H., Yang, H., Tasian, G. E., Harper, J. D., Desai, A. C., Mccune, R. D., et al. (2024). Contribution of hypersensitivity to Postureteroscopy ureteral stent pain: findings from study to enhance understanding of stent-associated symptoms. Urology 184, 32–39. doi: 10.1016/J.Urology.2023.10.039 

 Lassi, M., Tomar, A., Comas-Armangué, G., Vogtmann, R., Dijkstra, D. J., Corujo, D., et al. (2021). Disruption of paternal circadian rhythm affects metabolic health in male offspring via nongerm cell factors. Sci. Adv. 7:Eabg6424. doi: 10.1126/Sciadv.Abg6424 

 Li, W., Wang, Z., Cao, J., Dong, Y., and Chen, Y. (2023). Melatonin improves the homeostasis of mice gut microbiota rhythm caused by sleep restriction. Microbes Infect. 25:105121. doi: 10.1016/J.Micinf.2023.105121 

 Li, J.-H., Wu, W.-Z., Liu, C.-Y., Wang, X.-Q., Qin, S., Zhao, Y.-N., et al. (2021). Effect of Tiaoshen needling on plasma melatonin and cortisol in patients with chronic insomnia. Zhen Ci Yan Jiu 46, 690–694. doi: 10.13702/J.1000-0607.201009 

 Liang, X., Ding, Y., Zhu, X., Qiu, J., Shen, X., Xiong, Y., et al. (2025). Suprachiasmatic nucleus dysfunction induces anxiety- and depression-like behaviors via activating the BDNF-Trkb pathway of the striatum. Transl. Psychiatry 15:92. doi: 10.1038/S41398-025-03313-7 

 Lipkova, J., Splichal, Z., Bienertova-Vasku, J. A., Jurajda, M., Parenica, J., Vasku, A., et al. (2014). Period3 VNTR polymorphism influences the time-of-day pain onset of acute myocardial infarction with ST elevation. Chronobiol. Int. 31, 878–890. doi: 10.3109/07420528.2014.921790 

 Liu, C. W., Page, M. G., Weinrib, A., Wong, D., Huang, A., Mcrae, K., et al. (2021). Predictors of one year chronic post-surgical pain trajectories following thoracic surgery. J. Anesth. 35, 505–514. doi: 10.1007/S00540-021-02943-7 

 Liu, C., Tang, X., Gong, Z., Zeng, W., Hou, Q., and Lu, R. (2022). Circadian rhythm sleep disorders: genetics, mechanisms, and adverse effects on health. Front. Genet. 13:875342. doi: 10.3389/Fgene.2022.875342 

 Mceachern, E. L. F., Zilic, M., Sotocinal, S. G., Ghasemlou, N., and Mogil, J. S. (2024). The timing of the mouse hind paw incision does not influence postsurgical pain. Neurobiol. Pain 16:100161. doi: 10.1016/J.Ynpai.2024.100161 

 Møller, J. E., Thiele, H., and Hassager, C. (2024). Future for cardiogenic shock research. Curr. Opin. Crit. Care 30, 392–395. doi: 10.1097/MCC.0000000000001169 

 Morain, S. R., Bollinger, J., Weinfurt, K., and Sugarman, J. (2022). Ethics challenges in sharing data from pragmatic clinical trials. Clin. Trials 19, 681–689. doi: 10.1177/17407745221110881 

 Paladino, N., Mul Fedele, M. L., Duhart, J. M., Marpegan, L., and Golombek, D. A. (2014). Modulation of mammalian circadian rhythms by tumor necrosis factor-Α. Chronobiol. Int. 31, 668–679. doi: 10.3109/07420528.2014.886588 

 Philpott, J. M., Torgrimson, M. R., Harold, R. L., and Partch, C. L. (2022). Biochemical mechanisms of period control within the mammalian circadian clock. Semin. Cell Dev. Biol. 126, 71–78. doi: 10.1016/J.Semcdb.2021.04.012 

 Rajamanickam, G., Lee, A. T. H., and Liao, P. (2024). Role of brain derived neurotrophic factor and related therapeutic strategies in central post-stroke pain. Neurochem. Res. 49, 2303–2318. doi: 10.1007/S11064-024-04175-Z 

 Rodríguez-Palma, E. J., Loya-Lopez, S., Allen, K., Cruz-Almeida, Y., and Khanna, R. (2025). The contribution of clock genes BMAL1 and PER2 in osteoarthritis-associated pain. Neurobiol. Pain 17:100177. doi: 10.1016/J.Ynpai.2024.100177 

 Santos, A. T. D., Machado, C. M. S., and Adamatti, D. F. (2020). Circadian rhythm and pain: mathematical model based on multiagent simulation. J. Med. Syst. 44:173. doi: 10.1007/S10916-020-01622-6 

 Schwartz, W. J., Davidsen, L. C., and Smith, C. B. (1980). In vivo metabolic activity of a putative circadian oscillator, the rat suprachiasmatic nucleus. J. Comp. Neurol. 189, 157–167. doi: 10.1002/Cne.901890109 

 Seiger, A. N., Penzel, T., and Fietze, I. (2024). Chronic pain management and sleep disorders. Cell Rep. Med. 5:101761. doi: 10.1016/J.Xcrm.2024.101761 

 Sharma, D., and Partch, C. L. (2024). PAS dimerization at the Nexus of the mammalian circadian clock. J. Mol. Biol. 436:168341. doi: 10.1016/J.Jmb.2023.168341 

 Smith, S. M., Li, R., Wolfe, H., Swanger-Gagne, M. S., Bonham, A. D., Kreher, D. A., et al. (2019). Couple interventions for chronic pain: a systematic review. Clin. J. Pain 35, 916–922. doi: 10.1097/AJP.0000000000000752 

 Šmon, J., Kočar, E., Pintar, T., Dolenc-Grošelj, L., and Rozman, D. (2023). Is obstructive sleep apnea a circadian rhythm disorder? J. Sleep Res. 32:E13875. doi: 10.1111/Jsr.13875 

 Suarez-Roca, H., Mamoun, N., Watkins, L. L., Bortsov, A. V., and Mathew, J. P. (2024). Higher Cardiovagal Baroreflex sensitivity predicts increased pain outcomes after cardiothoracic surgery. J. Pain 25, 187–201. doi: 10.1016/J.Jpain.2023.08.002 

 Tamimi, Z., Abusamak, M., Al-Waeli, H., Al-Tamimi, M., Al Habashneh, R., Ghanim, M., et al. (2022). NSAID chronotherapy after impacted third molar extraction: a randomized controlled trial. Oral Maxillofac. Surg. 26, 663–672. doi: 10.1007/S10006-021-01029-8 

 Tan, X., Van Egmond, L., Partinen, M., Lange, T., and Benedict, C. (2019). A narrative review of interventions for improving sleep and reducing circadian disruption in medical inpatients. Sleep Med. 59, 42–50. doi: 10.1016/J.Sleep.2018.08.007 

 Tanaka, Y., Shigetoh, H., Sato, G., Fujii, R., Imai, R., Osumi, M., et al. (2021). Classification of circadian pain rhythms and pain characteristics in chronic pain patients: An observational study. Medicine (Baltimore) 100:E26500. doi: 10.1097/MD.0000000000026500 

 Thorn, B. E., and Kuhajda, M. C. (2006). Group cognitive therapy for chronic pain. J. Clin. Psychol. 62, 1355–1366. doi: 10.1002/Jclp.20315 

 Urits, I., Hubble, A., Peterson, E., Orhurhu, V., Ernst, C. A., Kaye, A. D., et al. (2019). An update on cognitive therapy for the management of chronic pain: a comprehensive review. Curr. Pain Headache Rep. 23:57. doi: 10.1007/S11916-019-0794-9 

 Vij, V., Dahiya, D., Kaman, L., and Behera, A. (2018). Efficacy of melatonin on sleep quality after laparoscopic cholecystectomy. Indian J. Pharmacol. 50, 236–241. doi: 10.4103/Ijp.IJP_250_18 

 Wang, J., Hou, W.-T., Qin, X.-M., Du, G.-H., and Gao, X.-X. (2021). Research Progress of circadian rhythm. Zhongguo Zhong Yao Za Zhi 46, 3240–3248. doi: 10.19540/J.Cnki.Cjcmm.20210308.601 

 Watanabe, H., Nagano, N., Tsuji, Y., Noto, N., Ayusawa, M., and Morioka, I. (2024). Challenges of pediatric pharmacotherapy: a narrative review of pharmacokinetics, pharmacodynamics, and pharmacogenetics. Eur. J. Clin. Pharmacol. 80, 203–221. doi: 10.1007/S00228-023-03598-X 

 Wei, Y., Zhang, C., Wang, D., Wang, C., Sun, L., and Chen, P. (2022). Progress in Research on the Effect of Melatonin on Postoperative Cognitive Dysfunction in Older Patients. Front. Aging Neurosci. 14:782358. doi: 10.3389/fnagi.2022.782358

 Wolkin, J. R. (2015). Cultivating multiple aspects of attention through mindfulness meditation accounts for psychological well-being through decreased rumination. Psychol. Res. Behav. Manag. 8, 171–180. doi: 10.2147/PRBM.S31458 

 Wu, G., Chen, J., Wang, L., and Meng, F. (2024). Clinical effectiveness of minimally invasive surgery on spinal trauma. Ann. Ital. Chir. 95, 552–560. doi: 10.62713/Aic.3546 

 Wylde, V., Rooker, J., Halliday, L., and Blom, A. (2011). Acute postoperative pain at rest after hip and knee arthroplasty: severity, sensory qualities and impact on sleep. Orthop. Traumatol. Surg. Res. 97, 139–144. doi: 10.1016/J.Otsr.2010.12.003 

 Xie, Y., Lu, L., Gao, F., He, S.-J., Zhao, H.-J., Fang, Y., et al. (2021). Integration of artificial intelligence, Blockchain, and wearable technology for chronic disease management: a new paradigm in smart healthcare. Curr. Med. Sci. 41, 1123–1133. doi: 10.1007/S11596-021-2485-0 

 Xu, M., Yan, S., Yin, X., Li, X., Gao, S., Han, R., et al. (2013). Acupuncture for chronic low Back pain in long-term follow-up: a Meta-analysis of 13 randomized controlled trials. Am. J. Chin. Med. 41, 1–19. doi: 10.1142/S0192415X13500018 

 Yang, J., Han, X., Liu, X., Cao, Y., Yu, K., Liu, L., et al. (2023). Exploration of perioperative sleep disturbance in 208 patients undergoing non-cardiac surgery: protocol for a prospective cohort study. Med. Sci. Monit. 29:E938832. doi: 10.12659/MSM.938832 

 Yang, M., Liou, K. T., Garland, S. N., Bao, T., Hung, T. K. W., Li, S. Q., et al. (2021). Acupuncture versus cognitive behavioral therapy for pain among Cancer survivors with insomnia: An exploratory analysis of a randomized clinical trial. NPJ Breast Cancer 7:148. doi: 10.1038/S41523-021-00355-0 

 Yang, L., Liu, B., Zheng, S., Xu, L., and Yao, M. (2023). Understanding the initiation, delivery and processing of bone Cancer pain from the peripheral to the central nervous system. Neuropharmacology 237:109641. doi: 10.1016/J.Neuropharm.2023.109641 

 Yin, X.-L., Li, J.-C., Xue, R., Li, S., Zhang, Y., Dong, H.-J., et al. (2022). Melatonin pretreatment prevents Propofol-induced sleep disturbance by modulating circadian rhythm in rats. Exp. Neurol. 354:114086. doi: 10.1016/J.Expneurol.2022.114086 

 Zee, P. C., Attarian, H., and Videnovic, A. (2013). Circadian rhythm abnormalities. Continuum (Minneap Minn). 19, 132–147. doi: 10.1212/01.CON.0000427209.21177.aa

 Zeidan, F., Emerson, N. M., Farris, S. R., Ray, J. N., Jung, Y., Mchaffie, J. G., et al. (2015). Mindfulness meditation-based pain relief employs different neural mechanisms than placebo and sham mindfulness meditation-induced analgesia. J. Neurosci. 35, 15307–15325. doi: 10.1523/JNEUROSCI.2542-15.2015 

 Zhang, Y., Wang, T., Wu, S., Tang, L., Wang, J., Yang, J., et al. (2023). Notch signaling pathway: a new target for neuropathic pain therapy. J. Headache Pain 24:87. doi: 10.1186/S10194-023-01616-Y 

 Zhao, Y.-F., Yang, H.-W., Yang, T.-S., Xie, W., and Hu, Z.-H. (2021). TNF-Α – mediated peripheral and central inflammation are associated with increased incidence of PND in acute postoperative pain. BMC Anesthesiol. 21:79. doi: 10.1186/S12871-021-01302-Z 

 Zhu, Y., Zheng, Y., Dai, R., and Gu, X. (2024). Crosstalk between circadian rhythm dysregulation and tumorigenesis, tumor metabolism and tumor immune response. Aging Dis. 16, 1–27. doi: 10.14336/AD.2024.0533


Copyright
 © 2025 Ma, Li, Liu and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		The impact of postoperative pain interventions on circadian rhythm disruptions: mechanisms and clinical implications



		1 Introduction



		1.1 Physiological mechanisms of postoperative pain



		1.2 Biological basis of circadian rhythm



		1.3 Postoperative pain and circadian rhythm relationship



		1.4 Pain intervention strategies and methods









		2 Potential areas and challenges for future research



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fnins-19-1543421-g001.jpg
Circadian Rhythm
disorder

Neuroinflummation

Sy
N
LASY

Surgury/Trauma

—

=)

Exacerbates
=" "orimnivis
[ —

= nbis






OPS/images/fnins-19-1543421-g002.jpg
[== pain intervention measures

AN Pain sgnai ransmission pathways

Acetaminophen
(a2Receptor stmulant
Selective COX-2 inhibitor :
lati thwe
IMDA receptor antagonist A reguiton pttways
Opiold
cBT

{a;Receptor stimulant
Selective COX-2 inhibitor
Local anesthetics

Opiold

Intraspinal anesthesia
Nerve block
Acupuncture

Selective COX-2 inhibitor
Local anesthetics

ISAIDs
Physical therapy






OPS/images/cover.jpg
’ frontiers | Frontiers in Neuroscience

The impact of postoperative pain
interventions on circadian rhythm
disruptions: mechanisms and
clinical implications












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neuroscience






