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Cluster headache (CH) is often referred to as the ‘suicide headache.’ Existing research suggests that the activation of the trigeminal-vascular system, increased sensitivity of nerve fibers, and the release and interaction of various neuropeptides and inflammatory mediators may contribute to neurogenic inflammation, which serves as a crucial pathophysiological basis for the development of CH. Additionally, some neuropeptides can modulate neuronal activity related to pain transmission and may increase pain perception by sensitizing central nerves. This review discusses the neuropeptides and inflammatory mediators associated with CH neuroinflammation, focusing on calcitonin gene-related peptide (CGRP), inflammatory cytokines and related signaling pathways, nitric oxide (NO), pituitary adenylate cyclase-activating peptide 38 (PACAP-38), and vasoactive intestinal peptide (VIP), incorporating both preclinical and clinical evidence to provide new insights into potential therapeutic targets for CH.
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1 Introduction

Cluster Headache (CH) is a primary trigeminal autonomic headache (TAC) that can be divided into episodic cluster headache (ECH) and chronic cluster headache (CCH). ECH is characterized by recurrent headache bouts lasting from 7 days to 1 year, with pain-free intervals of at least 3 months between episodes. In contrast, CCH involves headaches occurring for over a year without a complete pain-free period, or with pain-free intervals shorter than 3 months. It is clinically characterized by severe unilateral pain in the orbital, supraorbital, and temporal regions. This pain is always accompanied by cranial autonomic symptoms and typically lasts between 15 and 180 min (1). CH imposes a significant burden on both individual lives and the national economy (2, 3). During the attack phase, patients with CH experience heightened levels of depression and hopelessness (4), with a notable increase in suicidal tendencies (5). Furthermore, the fear of CH attacks has emerged as an independent factor contributing to pain-related disability (6). In a recent large-scale case collection (7), only 11.89% of patients received an accurate diagnosis of CH during their initial visit, and one-third of the patients experienced a diagnostic delay of over 10 years. More than half of those with chronic CH met the criteria for refractoriness, and approximately 60.2% remained highly symptomatic despite treatment (8). The lifetime prevalence of the disease is estimated at 1.24 per 1,000 individuals (9), and the overall prognosis remains poor.

Neuroinflammation is mediated by proinflammatory cytokines, chemokines, second messengers, and reactive oxygen species (10), primarily involving the activation responses of microglia, astrocytes, and immune cells (11). A recent study analyzed inflammatory markers in the cerebrospinal fluid of CH patients and found that factor superfamily 10 (TNFSF10) and TNFSF12, along with several chemokines, were elevated to varying degrees, with minor differences observed between the active and remission phases (12). The elevated levels of inflammatory markers and chemokines in the cerebrospinal fluid suggest the possibility of persistent neuroinflammation in the central nervous system (CNS) of CH patients, rather than it being confined solely to the active phase. Neurogenic inflammation, defined as ‘acute aseptic inflammation,’ is primarily triggered by neuropeptide mediators released from injured peripheral sensory fibers (13), which is accompanied by the local activation of mast cells that promote the release of proinflammatory cytokines and other inflammatory mediators (14). The involvement of neurogenic inflammation in the pathogenesis of migraine has been substantiated by extensive preclinical experiments and clinical studies (14, 15). However, the relationship between CH and neurogenic inflammation can only be inferred from the alterations in related inflammatory mediators and neuropeptides observed in clinical studies involving CH patients. In this paper, we present various neuropeptides and inflammatory mediators linked to neuroinflammation in CH and infer their roles in the pathogenesis of inflammation related to CH, aiming to provide new insights that lead to potentially effective therapeutic targets for future clinical applications.



2 Trigeminal vascular system and neurogenic inflammation

The trigeminal vascular system comprises the trigeminal nerve (CNV), associated nuclei, and cranial vessels (16), which are primarily influenced by three types of nerve fibers (17). The first type is trigeminal sensory fibers, which release calcitonin gene-related peptide (CGRP), substance P (SP), nitric oxide (NO), and pituitary adenylate cyclase-activating peptide (PACAP). The second type consists of parasympathetic fibers that release vasoactive intestinal peptide (VIP), PACAP, neuropeptide Y (NPY), acetylcholine, and NO. Lastly, sympathetic fibers release norepinephrine, adenosine triphosphate (ATP), and NPY. Specific neuropeptides are produced by the neurons of the trigeminal nerve and specifically innervate the intracranial vascular system. Upon stimulation of the trigeminal nerve, these neuropeptides are released, subsequently activating the associated nerve fibers. These neuropeptides do not encompass all neuropeptides of the parasympathetic, sympathetic, and sensory systems, but rather represent specific types that are closely associated with the function of the trigeminal nerve. This activation triggers a series of potential cascade responses that lead to the activation and sensitization of the trigeminal vascular system, which is particularly involved in the development of primary headaches. Preclinical studies have confirmed that trigeminal autonomic hyperalgesia is driven by brainstem activation, with parasympathetic pathways playing a significant role (18). Additionally, face and neck pain have been shown to be highly predictive of prodromal symptoms in CH (19). The pathophysiological basis of CH is primarily associated with the activation of the trigeminal vascular pathway, trigeminal autonomic reflexes, and hypothalamic modulation (20). Although the exact pathogenesis remains unclear, it is generally acknowledged that the trigeminal vascular system serves as a common pathway in headache development and is a crucial pathophysiological basis for CH.

The cell bodies of trigeminal cells are located in the trigeminal ganglion, with its peripheral fibers primarily found mainly in the first (ophthalmic) branch of the trigeminal nerve. These fibers form synaptic connections with the intracranial blood vessels and dura mater, which are associated with the provocation of pain (21, 22). Activation of the trigeminal vascular system triggers trigeminal autonomic reflexes, exhibiting autonomic activity that is closely related to pain in CH. Additionally, a variety of neuropeptides are involved in the activation process. Recent studies have indicated that COVID-19 vaccination may trigger CH attacks, particularly in individuals with a pre-existing history of CH or those with certain predispositions (23, 24). One study suggests that the COVID-19 vaccination may activate the trigeminocervical complex and induce an inflammatory response (25), leading to the onset of headache episodes. However, the precise mechanisms remain unclear, and it is hypothesized that factors such as immune responses, neuroinflammation, or disruptions to neurovascular function might contribute to these attacks. Further research is required to comprehensively understand the underlying mechanisms. Genetic locus testing related to CH has also suggested a potential role for inflammatory responses in trigeminal activation (26). Furthermore, inflammation may exacerbate headache symptoms by promoting glial cell activation and immune cell infiltration.

Neuroinflammation serves as a protective process; however, its persistence activates glial cells in the brain, leading to the release of proinflammatory cytokines, chemokines, and neuropeptides. This release initiates an inflammatory cascade response, which contributes to widespread chronic pain through central sensitization (27, 28). Among the known pathogenetic mechanisms associated with primary headaches, stimulation of trigeminal and parasympathetic activation triggers the release of various neuropeptides, including CGRP, SP, VIP, NO, and PACAP (29). Consequently, this results in neurogenic inflammatory responses characterized by vasodilation, extravasation of plasma proteins, and degranulation of mast cells within surrounding target tissues (15). High-flow oxygen therapy is recommended as a first-line treatment in the acute phase of CH according to international guidelines (1). Preclinical studies have confirmed that oxygenation inhibits plasma protein extravasation in the rat dura mater (30) and alleviates neurogenic inflammation. However, additional evidence is required to substantiate the findings of current magnetic resonance imaging (MRI) studies regarding the role of neurogenic inflammation (31).



3 Neuropeptide mediators and their roles in CH


3.1 Calcitonin gene-related peptide

Calcitonin gene-related peptide (CGRP) is one of the most potent biologically active factors derived from the trigeminal ganglion, known to induce vasodilation and tissue edema by acting on receptors located on meningeal smooth muscle cells (32). CGRP also modulates the activity of injury-sensing neurons involved in pain transmission and plays a role in both peripheral and central nerve sensitization (33–35), thereby exacerbating pain perception. In the context of the inflammatory response, CGRP exhibits a bidirectional regulatory role (36–39). Furthermore, CGRP can activate glial cells, particularly astrocytes and microglia, which can intensify neuroinflammation through the release of additional inflammatory factors (40). These mechanisms may contribute to the development of neurogenic inflammation in CH. In 2019, the European Headache Federation published guidelines regarding the use of CGRP monoclonal antibodies for the prevention of migraine attacks (41). CGRP receptor antagonists are employed as both acute and prophylactic agents (42), however, research on the application of CGRP in CH continues to evolve.

CGRP levels are elevated in the external jugular vein during CH attacks, suggesting that the trigeminal nervous system is activated and CGRP is released into the extracranial circulation (43). Some investigators have reported elevated baseline levels of CGRP in all types of CH (44). However, recent findings indicate that plasma CGRP levels may be decreased during ictal CH compared to controls. This discrepancy may be attributed to variations in assay methods, as the mid-half-life of CGRP in plasma is only 7–10 min (45). The typical autonomic symptoms of a CH attack are linked to the activation of the first branch of the trigeminal nerve, which is responsible for tear secretion via the ophthalmic pathway. In a study, researchers found that measurements of CGRP levels in tears during a CH attack revealed concentrations approximately 159 times higher than those found in plasmam, furthermore, CGRP levels decreased following the administration of acute-phase medications such as triptans (46). In the pathogenesis of migraine, triptans can selectively act on the 5-HT1B/1D receptors located on the trigeminal ganglion, initiating relevant intracellular signaling pathways that inhibit the release of CGRP from trigeminal ganglion neurons (47). Since CGRP is a pro-inflammatory mediator with potent vasodilatory effects, reducing CGRP release limits vasodilation, alleviates neurogenic inflammation, and subsequently relieves pain. Additionally, triptans can activate the relevant 5-HT receptors on intracranial blood vessels, acting on the smooth muscle and endothelial cells to reverse vasodilation and mediate vasoconstriction, thereby achieving the desired effect of migraine symptom relief (48). Specific modulation of the trigeminal ganglion has been shown to significantly inhibit central sensitization when sumatriptan is administered systemically (49). It is inferred that similar mechanisms may be present in CH. Notably, in ECH patients, CGRP levels during the attack phase are higher than in the remission phase, however, no significant difference in CGRP levels was observed between the attack phase and CCH patients (45). Despite discrepancies in some study results, the majority of studies indicate that plasma CGRP levels vary across different phases of CH, suggesting CGRP may participate in the neuroinflammatory process through cyclic variations in different episodic states of CH. CGRP may act as a key mediator in the neuroinflammatory process of CH, interacting with multiple inflammatory mediators. Furthermore, each mediator, including CGRP, might independently regulate neuroinflammation through distinct pathways.

Some researchers have found that intravenous infusion of CGRP triggers headache attacks during the active phase of ECH and CCH, but does not trigger attacks of remission ECH (49). This suggests that anti-CGRP drugs may be effective in treating CH. There is evidence suggesting that CGRP-targeted therapy, particularly monoclonal antibodies that block CGRP or its receptor, holds significant potential as an effective treatment for CH (50). It is important to note that the CGRP monoclonal antibody Galcanezumab improved the symptoms of patients with ECH, but its effectiveness was limited in patients with CCH (51–53). Specifically, Galcanezumab significantly reduced the frequency of attacks in ECH patients (54) and decreased headache occurrence during the active phase (55). Although the safety of Galcanezumab has been verified through metrics such as the adverse event rate (56), the therapeutic response in CCH patients was less favorable (57). CGRP(R) antibodies have shown efficacy in at least some CCH patients (58), the overall efficacy remained limited. Fremanezumab, another monoclonal antibody, has shown negative results in both CH subtypes (59), while Eptinezumab, effective in migraine (60), has yet to be studied in CH. It is hypothesized that CGRP-targeting antibodies may offer some positive effects in ECH, particularly during the active phase. This may be partly attributed to the direct and central involvement of CGRP in the neuroinflammatory processes that occur during this phase. In contrast, CCH is characterized by long-term, persistent neuroinflammation and adaptive changes within the nervous system, which could attenuate the efficacy of CGRP-targeting antibodies in the chronic phase. The continuous stimulation from chronic pain results in prolonged hyperactivation of both the brain and trigeminal nervous system, a process that may be mediated not only by CGRP but also by other neuroinflammatory mediators and factors, thereby limiting the effectiveness of CGRP-based treatments. Notably, the significantly higher plasma CGRP levels observed in remission of ECH compared to CCH (44), led to the hypothesis that recurrent exacerbations of CCH drive progressive CGRP depletion, which diminishes responsiveness to CGRP-targeting antibodies and partially accounts for interindividual variability in therapeutic outcomes. Additionally, the limited sample size of clinical trials and individual patient differences may contribute to the variability in treatment outcomes. In conclusion, the current findings suggest that while Galcanezumab may show promise in treating CH, its overall efficacy and long-term safety require further validation through larger, prospective clinical trials with extended follow-up periods.

Recent studies on the repeated injection of botulinum toxin A (Onabotulinumtoxin A) into the pterygopalatine ganglion (SPG) (61) and the application of occipital nerve stimulation (ONS) therapy (62, 63)present new avenues for the treatment of refractory CH. One study reported a 50% failure rate in patients undergoing invasive ONS procedures, influenced by clinical symptoms characteristic of CH, including early onset, smoking habits, and fluctuations related to seasonal or circadian rhythms (64). For patients with refractory CH who do not respond adequately to the aforementioned prophylactic treatments, Galcanezumab has demonstrated some positive outcomes (58, 65).

In conclusion, CGRP-targeted therapy, primarily through monoclonal antibodies, has demonstrated some efficacy in the treatment of ECH; however, they fail to provide significant relief of clinical symptoms in patients with chronic refractory CH. While studies may be confounded by variables such as differing drug dosages and the involvement of concomitant prophylactic treatments, it can be hypothesized that CGRP is merely one critical component of the inflammatory cascade involved in the pathogenesis of CH, primarily associated with ECH attacks. In contrast, CCH is influenced by a multitude of factors, including opioid overuse, delayed diagnosis, and recurrent episodes, suggesting a closer association with alternative inflammatory mechanisms.



3.2 Pituitary adenylate cyclase-activating peptide 38/vasoactive intestinal peptide

Pituitary adenylate cyclase-activating peptide (PACAP), a sensory vasodilatory neuropeptide, not only exhibits vasodilatory effects but has also been validated in preclinical models as potentially correlating with central sensitization (66). Additionally, PACAP activates astrocytes, thereby inducing nociceptive transmission (67). Vasoactive intestinal peptide (VIP), which is structurally homologous to PACAP (68), is implicated in the neuroinflammation that occurs upon activation of the trigeminal nervous system (69). This activation leads to dural vasodilation (70)and manifests symptoms of autonomic activation, such as conjunctival congestion and tearing. PACAP-38 and VIP are parasympathetic peptides, thus they are involved in autonomic symptoms.

PACAP-38, one of the isoforms of PACAP, is predominantly expressed in neuronal tissues and is notably present in the trigeminal ganglion (TG) of both humans and rats (71). Alongside vasoactive intestinal peptide (VIP), it induces transient dilation of meningeal arteries and plays a specific role in the activation and sensitization of trigeminal vascular neurons (72). Preclinical studies indicate that sumatriptan, effective during CH episodes, partially mitigates the activating and sensitizing effects of PACAP-38 and reduces periorbital pain anomalies (73). During CH episodes, elevated plasma concentrations of PACAP-38 and VIP have been observed (43, 74), suggesting the release of these two neuropeptides. Intravenous infusion of PACAP-38 and VIP has been shown to trigger CH episodes in both ECH and CCH patients, though in fewer than 50% of cases. However, this effect does not occur during the remission phase (75). These findings imply that exogenous PACAP-38 and VIP may act as triggers during the active phase of CH, while their influence appears to be limited during remission, indicating that these neuropeptides may be more involved in the initiation of CH attacks rather than the maintenance of a persistent pathological state, though their effect appears less pronounced compared to CGRP. Further research has shown that plasma PACAP-38 concentrations are significantly higher during the attack phase in ECH patients, while they tend to decrease during periods of remission (74). Additionally, PACAP infusion induces a slight rise in plasma VIP levels during both active and remission phases in ECH patients, a phenomenon not observed in CCH patients (76). These dynamic changes may once more indicate that the two neuropeptides play distinct roles in regulating different CH subtypes or disease stages.

Notably, an experimental study demonstrates that VIP and PACAP can bind to the VPAC1 receptor to activate the cAMP/PKA pathway, suppressing NF-κB nuclear translocation and chemokine expression in microglia, thereby reducing peripheral immune cell recruitment, highlighting their potential anti-neuroinflammatory effects (77). However, current clinical studies have small sample sizes and high individual variability. Future work should integrate large-scale multi-omics analyses to clarify the molecular mechanisms underlying the distinct effects of PACAP/VIP in CCH versus ECH, with particular attention to their synergistic or antagonistic interactions with other key mediators like CGRP.

Some researchers have proposed that the role of PACAP in CH extends beyond merely inducing VIP release (17), as PACAP can be released during the activation of the trigeminal nervous system alongside parasympathetic nerves, whereas VIP primarily operates within the parasympathetic domain. Nonetheless, autonomic reflexes, such as conjunctival congestion triggered by the activation of the first branch of the trigeminal nerve, are closely associated with parasympathetic activation and the concurrent release of VIP. It is hypothesized that the activation of the trigeminal vascular pathway and trigeminal autonomic reflexes may contribute to the pathogenesis of CH through a vicious cycle (20). However, it remains unclear whether changes in VIP concentration could cause cross-reactivity when exogenous PACAP induces trigeminal and parasympathetic activation, where “cross-reactivity” refers to a series of unintended or additional responses triggered by changes in VIP concentrations during PACAP-induced trigeminal and parasympathetic activation. These responses may interfere with the accurate assessment of PACAP’s effects or produce other physiological impacts.

It has been demonstrated that neither plasma PACAP-38 nor VIP exhibited significant changes from baseline levels when CH episodes were induced by CGRP infusion (44).Additionally, plasma CGRP levels remained unchanged during PACAP-38/VIP-induced CH episodes (78), and plasma VIP concentrations similarly yielded negative results (76). While some animal studies suggest that PACAP-38 may induce CGRP release at certain sites, the correlation between PACAP and CGRP activation and release within the trigeminal vascular system appears to be weak (79). Both PACAP and CGRP are implicated in neurogenic inflammation, vasodilation, and pain sensation in migraine, albeit through distinct excitation and induction pathways (80). It remains unclear whether CGRP, PACAP, and VIP mediate CH pathogenesis via the same signaling pathway. Thus, targeting therapy by inhibiting PACAP-38 and VIP may represent a novel approach for CH patients who do not respond to anti-CGRP treatments. The PAC1 receptor monoclonal antibody, which has a high affinity for PACAP-38 (81), showed some possibility in preclinical migraine studies (82). Nevertheless, a phase II antibody clinical trial failed to demonstrate efficacy in migraine prevention (83), highlighting a critical gap between preclinical and clinical outcomes. While in vitro experiments suggest limited therapeutic responses when targeting a single PACAP receptor (84), evidence from animal models implies that dual modulation of VPAC1 and PAC1 receptors may enhance headache-related responses (73). Despite this potential, the combined targeting strategy has not yet been validated as a therapeutic approach for primary headaches. Further studies are urgently needed to resolve these discrepancies and explore whether dual-receptor antagonism could overcome the limitations observed in both preclinical and clinical settings. Given that trigeminal autonomic reflexes, originating from the trigeminal nerve, are modulated by PACAP and VIP-induced parasympathetic activation, they play a more prominent role in CH than in migraine. Future investigations of this class of targets in CH may reveal even greater therapeutic advantages.




4 Major inflammatory mediators in CH neuroinflammation


4.1 Inflammatory cytokines and related signaling pathways


4.1.1 Interleukin IL-1 beta

Cytokines, as small soluble polypeptide proteins, play a crucial role in neuroinflammation. An imbalance between pro-inflammatory and anti-inflammatory cytokines contributes to this neuroinflammatory state. In vitro experiments have demonstrated that interleukin IL-1 beta (IL-1β) in brain tissue can be protective for neurons; however, an excessive inflammatory response induced by IL-1β may lead to neural damage (85). Methylprednisolone (MPD), a prophylactic drug for CH, exerts short-term protective effects by inhibiting IL-1β-induced activation of the trigeminal nerve in rat models (86). A study has found that serum levels of IL-1β are elevated in CH patients compared to controls during both the attack and remission phases and are particularly pronounced during the attack phase (87). The authors suggest that this elevation may represent an activation of the immune system. IL-1β may act as a positive feedback signal within the immune system, modulating the activity of other cytokines and immune cells involved in the inflammatory response to CH, and may also contribute to the modulation of pain through its interactions with neuropeptides. CGRP is known to be a neuropeptide involved in neuroinflammatory and pain responses. In cultured trigeminal neurons, IL-1β has been shown to induce the release of CGRP in trigeminal ganglia (88), while CGRP similarly promotes increased release of IL-1β (89), suggesting that these two molecules may be in a positive feedback loop. The interaction between IL-1β and CGRP synergistically enhances inflammation and has been found to be significantly relevant in migraine headaches (90, 91). However, the limited sample size in existing studies necessitates further research to substantiate the hypothesis that the IL-1β pathway plays a role in the neuroinflammatory response associated with CH.

A recent review highlights the therapeutic potential of IL-1β axis modulation in migraine, where IL-1 antagonists like Anakinra may suppress neuroinflammatory cascades to relieve the pain (92). Given that IL-1β’s mechanism in two diseases involves both the trigeminal ganglion and vascular path, and its elevation is observed in CH, IL-1 antagonists may hold similar therapeutic potential for CH. However, CH’s episodic nature and rapid progression may emphasize the need for time-sensitive therapeutic interventions in targeted research. Future studies should prioritize elucidating dynamic IL-1β signaling changes during active and remission phases, while investigating its synergistic interactions with other inflammatory mediators.



4.1.2 S100B and NF-κB signaling pathway

S100 calcium-binding protein B (S100B) is a calcium-dependent protein primarily found in astrocytes and serves as a marker of glial activity. It acts as a pro-inflammatory protein in various neuroinflammatory diseases (93). Nuclear factor κB (NF-κB), a transcription factor involved in inflammation, immunity, and pain (94), plays an important role in the neuroinflammatory processes of nervous system diseases. A review study summarizes that physiological S100B levels show no significant effect on glial cell homeostasis; however, elevated levels promote a pro-inflammatory glial phenotype through NF-κB pathway activation, which enhances the secretion of inflammatory mediators such as IL-1β. Meanwhile, suppression of S100B expression reduces NF-κB activity and alleviates inflammatory responses (95). It suggests that S100B may regulate neuroinflammation through dynamic changes in concentration, with the involvement of the NF-κB pathway. A clinical study found that plasma levels of S100B are elevated in patients with ECH during the active phase compared to those with CCH. Furthermore, patients who experienced an attack following CGRP infusion had significantly higher baseline levels of S100B compared to those who did not (96). When glial cells are activated in response to painful stimuli, they release pro-inflammatory cytokines that amplify the inflammatory response. Therefore, elevated S100B levels reflect underlying neuroinflammatory processes, which may play a role in the pathophysiology of CH. Collectively, it can be inferred from these studies that S100B may serve to assess both CH attack activity and inflammatory intensity, as evidenced by its stage-dependent concentration changes. However, these findings require validation through further studies.

A study reported elevated levels of IL-1β and NF-κB in peripheral blood during CH attacks (97), consistent with previously observed inflammatory states. However, this study also found reduced levels of inflammasome complex components and S100B in patients exhibiting three or more autonomic neuropathies, such as conjunctival injection, rhinorrhea, eyelid edema, and myosis/ptosis. The activation of inflammasome complex components (e.g., NLRP3) typically induces the release of inflammatory mediators like IL-1β, directly initiating a pro-inflammatory signaling cascade. However, the observed changes in the levels of IL-1β and inflammasome complex components in the peripheral blood of patients with CH seem to be contradictory. Although self-regulation due to excessive inflammasome complexes activity cannot be excluded, these findings more likely suggest that the release of IL-1β is not dependent on inflammasome activation. Instead, alternative mechanisms such as NF-κB-mediated transcriptional activation may drive IL-1β involvement in CH pathogenesis. In addition, plasma S100B levels were elevated during the active phase of CH patients (96) but decreased in patients with more severe autonomic symptoms (97), which also appears to involve some contradictory aspects. Combined with its potential concentration-dependent role in neuroinflammation, this suggests during the active phase of CH, S100B is released by activated neuroglial cells, both triggering and sustaining inflammatory processes. However, under prolonged inflammatory conditions, excessive S100B consumption may occur, and such depletion could activate a compensatory negative feedback loop, thereby suppressing the subsequent release of inflammatory mediators. Notably, this just represents one potential mechanism underlying the observed changes. The bidirectional phenotypic transition of glial cells between pro-inflammatory and anti-inflammatory states across different CH stages may also play a role in this process. Therefore, further research is needed to elucidate the specific regulatory mechanisms involved in this process.



4.1.3 Other pro-inflammatory cytokines

In an animal study, interleukin-6 (IL-6) in the rat dura mater has been shown to induce abnormal facial pain when exposed to subthreshold stimuli or even without overt stimulation (98),which suggests that IL-6 might modulate pain pathways by lowering the threshold for pain perception. In CH patients, plasma levels of the inflammatory factor IL-6 were found to be elevated during the attack phase, as indicated by antibody microarray analysis (99). Furthermore, the pro-inflammatory substance nitric oxide (NO) donors mediate a bidirectional regulation of IL-6 levels through NF-κB (100). It has been hypothesized that IL-6 may act by promoting the release of NO or by acting directly as a pain-causing component; however, more evidence is needed to support this hypothesis. An earlier study (101)found that S100B induced the release of IL-6 in neurons, and it remains to be investigated whether a correlation exists between the two in the inflammatory response associated with CH. Additionally, histamine release and leukotriene production in plasma during remission of CH (102), as well as elevated IL-2 expression during CH exacerbations (103), have also been reported. However, the specific mechanisms underlying these observations remain unclear due to the limited number of related studies.

While current inferences partially clarify the neuroinflammatory mechanisms in CH, targeted gene knockout combined or pharmacological inhibition of pro-inflammatory cytokines and their pathway-associated receptors remains necessary to validate causal relationships across distinct pathological stages. Currently, most research on cytokines related to primary headaches has focused on migraine and tension-type headaches, with a lack of effective clinical studies on CH (104). Various factors, including the site of blood collection, different sample analyses, and the individual condition of the patient, may influence cytokine levels to differing extents. Therefore, further large-scale clinical studies will be essential for a more comprehensive understanding of the inflammatory cytokines’ pathological mechanisms in CH neuroinflammation.




4.2 Nitric oxide

Nitric oxide (NO), a crucial neuromodulator, plays a significant role in regulating neuronal excitability and neurotransmitter release, while its vasodilatory effects are integral to various physiological mechanisms, including neuroinflammation (105). Early animal studies have demonstrated that inhibition of NO synthesis markedly decreases the activity of trigeminal cervical neurons, thereby obstructing the release of vasodilators (106). Conversely, the release of NO may provide a pathophysiological basis for the development of recurrent headaches. Additionally, NO is believed to facilitate the transmission of nociceptive signals from peripheral to central nervous systems and to sustain central nociceptive sensitization (107, 108).

NO donor triglycerides have emerged as a reliable model for inducing CH (109). Nitric oxide synthase (NOS) catalyzes the conversion of L-arginine to L-citrulline, a critical step in the production of NO. Notably, serum levels of L-arginine and citrulline are diminished in patients with chronic CH, suggesting an increased consumption rate for the synthesis and release of NO (110, 111). Consequently, it can be inferred that the repeated release of NO leads to trigeminal vasodilation, which contributes to the mechanisms underlying recurrent episodes of chronic CH. Furthermore, plasma levels of the NO metabolites nitrite (NO2-) and L-citrulline during periods without CH episodes do not significantly differ from those of healthy controls (112). However, measurements of NO2- and nitrate in cerebrospinal fluid during active episodes versus remission periods reveal an elevated concentration of total NOx (113). Despite the differing conclusions of various studies, it can be inferred that trigeminal nervous system sensitization occurs only when a specific threshold of NO release is surpassed, which subsequently plays a role in the vasodilatory and neurogenic inflammatory responses.

NOS comprises three subtypes: neurogenic (nNOS), endothelial (eNOS), and inducible (iNOS) (114). Among these, nNOS and eNOS are predominantly found in neural tissues. Experiments conducted on mice have demonstrated that both CGRP and NOS receptor blockers can inhibit nitroglycerin-induced neuronal activation (115). The increased activity of nNOS in trigeminal ganglion neurons leads to heightened production of NO, which subsequently induces the release of CGRP. This release of CGRP further mediates the production and release of NO through the activation of eNOS, resulting in the relaxation of vascular smooth muscle and subsequent vasodilation (116). NO and CGRP synergistically interact and may also contribute to the generation of neuroinflammation via this pathway; however, there have been no relevant clinical studies on CH. Although the iNOS gene test in CH yielded negative results, the combination of its variants may elevate the risk of developing CH (117).




5 Potential interactions of major molecular mechanisms

In animal models, researchers have demonstrated that chemical stimulation of the trigeminal nerve results in a significant increase in the release of CGRP and S100B within the targeted area, along with a marked upregulation of S100B expression in glial cells outside the stimulated region (89). Whereas injection of CGRP into the trigeminal ganglion results in increased release of glial fibrillary acidic protein (GFAP), a marker of glial cells (118). These findings suggest that activation of trigeminal neurons may elicit a reactive response in glial cells. Astrocytes and microglia are capable of recognizing inflammatory responses and producing inflammatory cytokines, such as IL-1β, IL-6, and various chemokines, to mediate neuroinflammation (119, 120). Moreover, IL-1β has been shown to promote astrocyte proliferation in a time- and dose-dependent manner; this activation cascade might further trigger the activation of local neurons, potentially contributing to the long-term maintenance of chronic inflammatory pain (121, 122). Some investigators have reported that the injection of CGRP into the trigeminal ganglion stimulates an increase in IL-1β mRNA expression in purified glial cells, a change that can be reversed by the neuroglial cell inhibitor minocycline, concurrently with an alleviation of CGRP-induced pain sensitivity (118). This observation implies that glial cells may be involved in CGRP-mediated inflammatory responses and facial pain transmission. Another study found that CGRP stimulation drives the inflammatory response by regulating inflammatory genes such as IL-1 in trigeminal glial cells and that the NF-κB pathway can act as one of the pathways to mediate this process (123). In summary, the converging evidence indicates that signal transduction between glial cells and neurons in the trigeminal nerve may operate within a positive feedback loop, and this process could involve glial cell-mediated inflammatory responses with CGRP acting as a key mediator.

Given the similarities between relevant mediators alterations observed in preclinical studies and observations in clinical studies of CH, it is hypothesized that this mechanism also occurs during neuroinflammation in CH. Specifically, activation of the trigeminal nerve leads to the release of CGRP, which not only directly participates in the inflammatory process and promotes pain transmission, but also activates neighboring glial cells to secrete a variety of inflammatory mediators, including IL-1β, IL-6, and S100B. This process may then establish a positive feedback loop that further enhances neuronal activation and prolongs the pain and inflammatory response (Figure 1).

[image: Figure 1]

FIGURE 1
 Potential interactions of primary molecular mechanisms in neuroinflammation.


Furthermore, it is important to note in particular that this inference has inherent limitations. Firstly, most of the existing studies are based on animal models and in vitro experiments, and there is a relative lack of clinical studies on CH patients to verify their relevance. Seccondly, episodes in CH patients involve cyclic transitions between attack and remission phases, which may place special demands on the dynamic regulation of positive feedback loops. In addition, the formation of the positive feedback loop is not the result of the action of a single factor but may involve complex multifactorial interactions. It remains unclear whether other inflammatory mediators and their interactions with glial cells might play a more significant role in this possible mechanism.

A recent study summarizes that multiple inflammatory cytokines and chemokines are upregulated in migraines, acting as mediators between glial cells and neurons to participate in inflammatory responses and pain transmission, while specific receptors and signaling pathways (e.g., NF-κB, MAPK) play an important role in glial cell activation and neuronal hypersensitivity (124). Although similar studies have not yet been conducted in CH, based on the fact that both headache types involve the activation of trigeminal neurons and multiple inflammatory mediators, glial cell-neuron interactions and their regulatory molecular mechanisms may provide new ideas for the study of the pathomechanisms of CH. In contrast to the strategy of blocking the CGRP pathway, it is worth considering whether limiting the transition of glial cells toward a pro-inflammatory phenotype or targeting specific receptors expressed on these cells could mitigate or disrupt this positive feedback loop, thereby controlling the occurrence of CH attacks, which also offers potential directions for future research.



6 Neuroinflammatory imaging evidence

Neuroinflammation can be observed in the early and prodromal stages of neurological diseases. Magnetic resonance imaging (MRI) is effective in revealing various biophysical tissue properties that are closely associated with the neuroinflammatory process (125), and it has been widely utilized in the pathophysiological investigation of inflammation-related neurological disorders (126, 127). Local cerebral blood flow (CBF) and CGRP release were increased after stimulation of the trigeminal ganglion in cats (128), suggesting that central pain mechanisms are involved in the pathogenesis of CH (129). MRI and positron emission computed tomography (PET) have confirmed the activation of multiple brain regions, including the hypothalamus and midbrain dopamine circuits, in the pathogenesis of CH (130, 131). However, there has been limited direct imaging evidence linking CH with neuroinflammation.

In migraine patients, neuroimaging techniques can serve as evidence of neuroinflammatory involvement by helping to identify vascular permeability and inflammatory cell activity (132). In migraine patients, high-resolution techniques such as 7 T MRI combined with TSPO-PET have demonstrated white matter microstructural abnormalities in the trigeminal root region, increased vascular permeability, and elevated TSPO signals that correlate with local microglial activation and suppressed function of the spinal trigeminal nucleus (133). These findings suggest, from an imaging perspective, that activation of the trigeminal vascular pathway during migraine attacks is associated with implied neuroinflammation. Based on the overlapping pathophysiologic mechanisms of the two disorders, the increase in neuroinflammatory markers in migraine justifies the need for multimodal imaging studies of CH. Future studies using advanced imaging modalities may be able to further elucidate whether similar patterns of microglia activation and vascular permeability are present in patients with CH, which could not only provide additional corroborating evidence to clarify its pathogenesis, but also advance the development of anti-inflammatory therapies targeting shared pathways in these headache disorders.



7 Future prospects


7.1 Shared pathological mechanisms between migraine and CH

Despite the clinical phenotypic differences between migraine and CH, they may share some pathophysiological mechanisms involving trigeminovascular activation and an underlying neuroinflammatory response (134). The involvement of vasodilation, cytokine dynamics, pro-inflammatory neuropeptide release, and glial cell activation in the neuroinflammatory mechanisms of migraine informs the understanding of the pathophysiology of CH, and could inform therapeutic strategies targeting inflammatory mediators. In addition, parasympathetic pathway activation is closely associated with intracranial autonomic symptoms triggered by headache attacks, exacerbating trigeminal sensitization through vascular dilatation and inflammatory amplification, a mechanism particularly prominent in CH and may be a specific therapeutic target. Notably, the cyclical nature of CH attacks implies unique molecular regulatory networks distinct from migraine, highlighting the need to balance the exploration of common mechanisms with disease-specific pathology.



7.2 Advancing from molecular mechanisms to clinical implementation

At the molecular level, further elucidation of the specific mechanisms by which inflammation triggers CH attacks remains a priority for future research. First, future studies should focus on the dynamic evolution of the CH inflammatory response during both the onset and remission phases, and analyze how temporal changes in inflammation affect the severity and duration of CH attacks, thereby providing a basis for phased intervention. Second, it is necessary to elucidate the signaling pathways through which different inflammatory mediators and key neuropeptides participate in the neuroinflammatory process of CH, including both their independent roles (e.g., the direct activation of parasympathetic pathways by neuropeptides) and their synergistic mechanisms (e.g., the combined activation of the trigeminal vascular system by inflammatory cytokines and neuropeptides). In addition, it is worth exploring whether various relevant mediators are involved in the disease process as triggers or maintenance factors during CH attacks.

Only by clarifying the molecular mechanisms of CH neuroinflammation and tracking the dynamic changes of inflammation can we provide accurate guidance for clinical application. Some literature reviews have compiled research on therapeutic mechanisms across different stages of CH (135, 136). Analysis of existing studies demonstrates that some mechanisms involving neuroinflammation may be partially linked to CGRP inhibition. While corticosteroids and triptans also likely function by suppressing pro-inflammatory factors and related signaling pathways. Additionally, lithium (a prophylactic agent) may relieve pain through inhibition of VIP-induced vasodilation. Available evidence suggests that the pathogenesis of CH may involve multiple molecules within the inflammatory cascade. Thus, a combined approach that targets both inflammatory mediator pathways (e.g., IL-1β) and neuropeptide signaling (e.g., CGRP) may hold greater promise in the future. Meanwhile, the continuous development of related technologies has significantly advanced disease research. The integration of gene editing, molecular testing, and imaging facilitates the identification of new molecular mechanisms in inflammatory responses and the detection of dynamic changes in inflammatory mediators at different stages of the disease, while multi-omics technologies help resolve the dynamic interactions among different inflammatory pathways. It is believed that, in the future, the use of these technologies as auxiliary tools in CH research will further facilitate the translation of molecular mechanisms into clinical applications.




8 Conclusion

The latest guidelines issued by the European Academy of Neurology recommend the use of 100% oxygen and subcutaneous sumatriptan during the acute phase, corticosteroids in the transitional phase, and oral verapamil for prophylaxis (137). However, the efficacy and risks associated with all existing treatments remain questionable (138). Although the pathogenesis of CH has not yet been fully elucidated, neuroinflammation is believed to play a pivotal role, potentially serving as both a trigger for CH and a key factor in its persistence and progression. A variety of inflammatory mediators and neuropeptides (Table 1) are collectively involved in neurogenic inflammation in CH, either through independent pathways or in conjunction with one another. Research focusing on these inflammatory mechanisms can enhance our understanding of the pathophysiological processes underlying CH and identify new, precise treatment targets. Furthermore, this approach may facilitate the development of personalized treatments for CH, tailored to different inflammatory response patterns and associated gene expression. The current lack of clinical understanding of CH is complicated by various factors that interfere with accurate diagnosis (139). Additionally, the transient nature of CH episodes, combined with insufficient preclinical studies and small sample sizes, poses significant challenges to advancing our understanding of the disease’s pathophysiological mechanisms. We anticipate that forthcoming research findings will yield new benefits for patients.



TABLE 1 Neuropeptides and inflammatory mediators in CH.
[image: Table1]
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- Elevated plasma concentrations during CH attacks (43, 74)
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- Unchanged after CGRP infusion (44)

- Associated with sensitization of neurons

- MPD could suppresses expression (56)

~Elevated in serum levels during CH attacks (57)

- Contributes to glial activation and pro-inflammatory cascade (121, 122)
- A feedback mechanism may exist with CGRP (35, 89)

- Elevated levels during CH attacks (96, 97)

- $100B is decreased in patients with multiple autonomic symptoms (97)
- Mediates inflammatory cytokines expression in Glia cells

- Promotes glial-neuronal interaction

- Contributes to vasodilation (106)

- NO donors can trigger CH attacks (109)

- Interacts with CGRP release mechanisms (116)

Evidence limitations

- Unclear temporal relationship with attack onset

- Methodological variations across studies

- Smaller evidence base compared to CGRP.

- Unclear role in attac}
differentiating effects of PACAP-38 vs. VIP.

tiation versus propagation

- Inconsistent findings across different studies
- Limited number of human studies

- Small sample sizes in available studies

- Few CHospecific studies available
- Findings mostly derived from migraine or preclinical
models

- Unclear causal relationship with CH pathophysiology
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