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Objective: Sex hormones play a key role in migraine pathophysiology, yet their impact in men remains unclear. This study investigates sex hormone profiles and their potential relationship with Calcitonin Gene-Related Peptide (CGRP) in men with episodic migraine.

Methods: We analyzed serum blood levels of sex hormones testosterone, estradiol (E2), progesterone, follicle-stimulating hormone (FSH), luteinizing hormone (LH) and CGRP in age and body mass index (BMI)-matched men with and without migraine.

Results: A total of 120 male participants (n = 60 with migraine and n = 60 without migraine) completed the study. The mean age was 44.4 ± 14.4 years in migraine group and 44.5 ± 16.2 in the control group. Men with migraine had lower progesterone levels (0.2 nmoL/L, IQR 0.2) and a higher E2 to progesterone (E2/P) ratio (0.33, IQR 0.26) compared to healthy controls (0.5 nmoL/L, IQR 0.2, p < 0.001; 0.25, IQR 0.19, p < 0.02). Median E2 was 0.09 nmoL/L (IQR 0.03) in migraine patients and 0.12 nmoL/L (IQR 0.04) in controls (p = 0.07). There were no significant differences in testosterone, testosterone to E2 (T/E2) ratio, LH and FSH levels. CGRP serum levels did not differ between groups and showed no correlation with sex hormone levels. Subgroup analysis revealed no differences in hormone or CGRP levels between migraine patients with and without aura.

Discussion: Our findings indicate higher progesterone levels and lower E2/P ratios in healthy men compared to those with migraine, suggesting a potential association between sex hormone profiles and migraine in men. These results warrant further investigation into the hormonal modulation of migraine beyond the female population.
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Introduction

Migraine is a prevalent and disabling neurological disorder affecting women approximately three times more often than men (1). The involvement of female sex hormones in migraine pathophysiology is well recognized - particularly the “estradiol withdrawal hypothesis,” which links rapid declines in estradiol levels to migraine attacks (2). However, the influence of sex hormones on migraine in men remains less understood (3). Clinically, men with migraine tend to experience shorter attacks compared to women (4). In some studies, they also report lower pain intensity and less frequent accompanying symptoms such as photophobia, phonophobia, nausea, and vomiting (4, 5). Migraine in men is probably underdiagnosed, partly due to sociocultural factors that discourage seeking medical attention for conditions often perceived as purely feminine (6, 7). The male sex hormone profile is characterized by higher testosterone levels compared to women, alongside lower concentrations of estradiol (E2) and progesterone (8). Testosterone has been suggested to play a protective role in migraine susceptibility due to its anti-inflammatory, neuroprotective, and analgesic properties (9, 10). Some studies have reported lower testosterone levels in men with chronic migraine compared to healthy controls, although findings remain inconsistent, with other studies showing no significant differences (11–13). Beyond testosterone, research on E2 in men with migraine has yielded conflicting results, with one study reporting increased levels and another finding no differences compared to controls (12, 14). Progesterone may play a protective role, and lower levels have been observed in men with migraine (13). Additionally, evidence indicates that fluctuations in the balance between testosterone and estrogen throughout life may contribute to migraine susceptibility in men (14).

Calcitonin gene-related peptide (CGRP) is a key neuropeptide in the pathophysiology of migraine, playing a central role in the initiation of attacks. Elevated CGRP levels have been observed in migraine patients, particularly during attacks and interictal in chronic migraine (15–17). However, findings in episodic migraine (EM) are more variable, with some studies reporting increased CGRP levels while others show no significant differences compared to healthy controls (18). Our previous work in women suggested that sex hormones influence CGRP levels, with higher CGRP concentrations observed in the perimenstrual period in women with EM compared to healthy controls (19). An older study reported lower plasma CGRP levels in men compared to women; however, this study did not account for migraine diagnosis, endocrine disorders, or sex hormone profiles, limiting its interpretability (20). Up to date, the relationship between sex hormones and CGRP regulation in men with migraine remains unclear (3, 12).

In this study, we investigate the interplay between sex hormones, CGRP, and migraine in men. By analyzing sex hormone levels and CGRP plasma concentrations in men with EM and healthy controls, we aim to identify differences in hormonal profiles and CGRP expression that may contribute to migraine susceptibility in men.



Methods


Study design and patient selection

This exploratory cross-sectional, matched-cohort study represents an extension of a previously published investigation on the influence of sex hormones on CGRP in women (19). The study was conducted at the Headache Center, Department of Neurology, Charité – Universitätsmedizin Berlin, between August 2020 and January 2024. The study cohort consisted of male patients with EM, with and without aura, and an age-and BMI-matched male control group. Migraine patients were recruited from our outpatient headache clinic, while healthy controls were primarily recruited from university and hospital staff, as well as personal acquaintances, through announcements or direct outreach.



Inclusion and exclusion criteria

EM with and without aura was defined according to the International Classification of Headache Disorders 3 (ICHD-3) criteria (ICHD-3) (21). We included patients with 3–14 migraine days in the 4 weeks prior to the study visit, as documented in a headache diary. Participants were excluded if they had any other diagnosed primary headache disorder except tension-type headache on fewer than 2 days in the month before screening. Individuals with chronic migraine were excluded. Participants were also excluded if they had ongoing migraine prophylactic treatment, any other neurological disease, or a relevant medical condition requiring drug treatment. Additionally, undergoing hormonal therapy or a history of hypogonadism led to exclusion from the study.



Study procedures

The study consisted of a single visit, which included an initial eligibility screening followed by sample collection for those meeting all criteria. During screening, potential participants underwent a medical history interview and a physical examination, including assessment of vital signs. All migraine patients at our center are required to maintain a headache diary, which was reviewed to verify headache frequency in the previous 4 weeks. Additionally, male participants with migraine completed the Headache Impact Test-6 (HIT-6), which is a validated questionnaire assessing headache-related burden, including pain severity, daily limitations, and emotional distress. Scores range from 36 to 78, with higher values indicating greater impairment (22). Eligible participants proceeded to sample collection, which was conducted under non-fasting conditions following standardized protocols. Migraine patients were required to be in an interictal phase, meaning they had to be free of migraine symptoms and had not taken any pain medication for at least 12 h before and after the visit. To confirm interictal status, study staff contacted migraine patients 24 h post-visit to assess whether they remained migraine-free. If a migraine attack occurred in the 12 h after the visit, the visit was repeated to ensure data collection in an interictal phase. For hormone analysis, a 5-mL blood sample was collected in serum tubes (BD Vacutainer) and sent to our partner laboratory, Labor Berlin, Charité Vivantes GmbH for the quantification of E2, progesterone, testosterone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) using an electrochemiluminescence immunoassay. After analyzing data from the first 60 participants, the measurement of free testosterone was incorporated for the subsequent 60 participants to provide a more comprehensive hormonal profile. Therefore, values for free testosterone are available for 60 participants, while data for all other hormones are available for the full cohort of 120 participants.

To account for circadian fluctuations in testosterone levels, values were adjusted to a standardized 6 p.m. reference point using a model derived from a cohort study by Gupta et al. This model differentiates between men older and younger than 45 years, as illustrated in Figure 1, and is based on:
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Where Cpop(t) represents testosterone levels at time t, A0 the baseline, Cpeak and Cnadir the peak and nadir levels, and Tpeak and Tnadir their respective time points (23).
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FIGURE 1
 Circadian testosterone fluctuations over 24 h in men aged <45 and ≥45 years, demonstrating an early morning peak and subsequent decline throughout the day (created with Microsoft Excel).


For CGRP analysis, blood samples were collected in precooled 5-mL EDTA tubes (BD Vacutainer) with 200 μL aprotinin added to prevent from early degradation of CGRP through proteolysis. Samples were immediately centrifuged at −6°C for 15 min at 2,000 rpm, and the plasma was transferred into 1.5-mL polypropylene tubes (Eppendorf, Hamburg, Germany). Plasma samples were stored at −80°C until analysis. CGRP levels were quantified using a commercial enzyme immunoassay (EIA) kit (Bertin Bioreagent, Montigny le Bretonneux, France) with a detection range of 8–1,000 pg./mL and a sensitivity of 2 pg./mL. This EIA detects all human CGRP isoforms and is validated for use in blood, plasma, serum, cerebrospinal fluid, and nervous tissue extract (24). To minimize variability, samples from migraine and control groups were analyzed in parallel, maintaining similar group proportions per EIA kit and adhering to the manufacturer’s instructions.



Endpoints

The primary objective of this study was to investigate sex hormone profiles in men with migraine compared to healthy controls. Specifically, we examined differences in the levels of LH, FSH, total testosterone, circadian-adjusted testosterone (Tc), free testosterone (Tf), E2, and progesterone between the two groups. Additionally, we analyzed the ratios of total testosterone, Tc, and Tf to E2, as well as the ratio of E2 to progesterone. Furthermore, an exploratory subgroup analysis was performed to compare hormone concentrations between migraine patients with and without aura.

As an exploratory endpoint, we assessed CGRP levels in men with migraine versus healthy controls and explored potential correlations between CGRP levels, sex hormone concentrations, and clinical or demographic variables, including monthly migraine days (MMD), attack duration, intensity, and HIT-6 scores. We also explored whether CGRP levels differed between migraine patients with and without aura or showed distinct correlations within these subgroups.



Statistical analyses

A formal a priori power calculation was not conducted due to the limited availability of comparable data at the study’s outset. To mitigate this, we doubled the sample size used in a previous study (19) and included 60 participants to increase statistical power and ensure more robust analyses. Demographic, clinical, and laboratory data were summarized using descriptive statistics. Numerical variables were presented as means with standard deviations (SD) or medians with interquartile ranges (IQR), depending on data distribution. Categorical variables were reported as frequencies and percentages. Normal distribution was assessed using visual inspection of histograms and the Shapiro–Wilk test. To compare continuous variables between migraine patients and controls, Student’s t-tests were used for clinical and demographic variables that followed normal distribution (e.g., heart frequency, blood pressure). For non-normally distributed variables including all laboratory data (sex hormones and CGRP levels) the Mann–Whitney U test was used. Correlations between CGRP levels, sex hormones were evaluated using Spearman’s rank correlation coefficient. All hypothesis tests were two-sided, with a significance threshold of p < 0.05. Missing data were handled by complete case analysis. Participants with missing values for a specific variable were excluded from related analyses but remained included in other analyses. All participants met inclusion criteria, and missing data did not affect eligibility or group assignment. Statistical analyses were conducted using IBM SPSS Statistics, version 29.0 (IBM, Armonk, NY, USA).



Standard protocol approvals, registrations, and patient consents

The Charité Ethical Committee approved the study protocol (EA1/004/20). All participants consented in writing after receiving study information



Data availability

Data not provided in the article because of space limitations may be shared (anonymized) at the request of any qualified investigator for purposes of replicating procedures and results.



Dis****

In this study, we specifically focused on male participants who identified as men. It is important to note that the results of this study may not necessarily be generalizable to all individuals who identify as men, as gender identity and biological sex may influence outcomes in different ways.




Results


Patient characteristics

We included n = 120 male participants in the study visiting our tertiary headache center between August 2020 and January 2024. All participants completed the study protocol, with n = 60 in the migraine group and n = 60 in the control group. The demographic characteristics did not differ between groups (see Table 1). The average age of migraine patients was 44.4 (±14.4) years, with a disease duration of 21.4 (±16.3) years. Twenty-four patients (40%) reported a history of migraine aura, defined as at least two aura episodes over their lifetime. Migraine patients had an average of 6.1 (±3.3) monthly migraine days (MMDs) in the month prior to inclusion, with a mean pain intensity of 6.5 (±1.6) on the numerical rating scale (NRS), and an average attack duration of 21.4 (±16.3) hours.


TABLE 1 Description of study population.


	
	Migraine mean (SD) or n (%)
	n
	Control mean (SD) or n (%)
	n
	p

 

 	Age 	44.4 (±14.4) 	60 	44.5 (±16.2) 	60 	0.98


 	Aura 	24 (41.3) 	58 	 	 	


 	MMD 	6.1 (±3.3) 	58 	 	 	


 	Attack duration (h) 	21.4 (±16.3) 	59 	 	 	


 	Pain intensity (NRS) 	6.5 (±1.6) 	58 	 	 	


 	Disease duration (years) 	18.2 (±12.1) 	58 	 	 	


 	HIT-6 	59.8 (±5.9) 	57 	 	 	


 	BMI 	24.7 (±3.8) 	59 	25.1 (±3.6) 	60 	0.58


 	BP systolic (mmHg) 	132.8 (±12.7) 	54 	132.8 (±18.6) 	57 	0.99


 	BP diastolic (mmHg) 	82.5 (±10.7) 	53 	75.3 (±11.4) 	56 	<0.001


 	Heart rate (bpm) 	74.3 (±12.8) 	54 	79.0 (±15.3) 	57 	0.08





MMD, monthly migraine days; NRS, numeric rating scale; BMI, body mass index; BP, blood pressure.
 

The average blood pressure in migraine patients was 132.8 (±12.7) /82.5 (±10.7) mmHg, compared to 132.8 (±18.6) /75.3 (±11.4) mmHg in the control group, with a significant difference in diastolic values (p < 0.001).



Sex hormones


Progesterone and estradiol

The migraine group had a significantly lower serum progesterone concentration, with a median of 0.2 nmol/L (IQR 0.2), compared to 0.5 nmol/L (IQR 0.3) in the healthy control group (p < 0.001). Similarly, serum E2 concentration was lower in the migraine group (0.09 nmol/L, IQR 0.03) than in the control group (0.12 nmol/L, IQR 0.04; p = 0.07), though this difference was not statistically significant. This pattern was also reflected in the E2/P ratio, which was significantly higher in the migraine group (0.33, IQR 0.26) compared to the control group (0.25, IQR 0.19; p = 0.02). Results are shown in Figure 2 and Supplementary Table 2. No significant correlations were found between progesterone, E2, or their respective ratios and clinical outcomes such as migraine days, pain intensity, or aura frequency (See Supplementary Table 6).
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FIGURE 2
 Sex hormone profiles in male migraine patients and healthy controls. (A) Plasma estradiol (E2) concentrations (nmol/L); (B) plasma progesterone (P) concentrations (nmol/L); (C) the estradiol-to-progesterone ratio (E2/P); in male migraine patients (n = 60) and healthy controls (n = 60). Violin plots depict the distribution of values with overlaid boxplots showing median and interquartile range (IQR). Outliers are displayed as individual points (created with Plotly Technologies Inc.).




Testosterone

There were no significant differences in serum testosterone levels, including time-corrected values, between the migraine and control groups (T: 14.0 nmol/L, IQR 4.7 vs. 15.0 nmol/L, IQR 8.8; p = 0.64; Tc: 14.8 nmol/L, IQR 4.0 vs. 15.6 nmol/L, IQR 9.7; p = 0.68). Similarly, Tf levels did not differ significantly between groups (0.20 nmol/L, IQR 0.10 in both groups; p = 0.96). However, the Tf/E2 ratio was significantly higher in the migraine group (2.6, IQR 1.4) than in the control group (1.9, IQR 1.1; p = 0.01), whereas the total T/E2 ratio and the Tc/E2 ratio showed no significant differences (T/E2: 154.4, IQR 111.4 vs. 117.8, IQR 85.2; p = 0.27 and Tc/E2: 168.0, IQR 113.0 vs. 122.9, IQR 85.5; p = 0.19). Results are displayed in Figures 3, 4 and Supplementary Table 2.
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FIGURE 3
 Box and violin plots represent plasma levels of three testosterone measures in male migraine patients (n = 60) and healthy controls (n = 60): total testosterone (T), circadian testosterone (Tc), free testosterone (Tf). For Tf, n = 29 (healthy control) and n = 31 (migraine patients). Data distributions are visualized using violin plots; boxplots show medians and interquartile ranges (created with Plotly Technologies Inc.).


[image: Violin plot showing testosterone-to-estradiol ratios for healthy controls and migraine patients. The plot has three groups: T/E2, Tc/E2, and Tf/E2. Each group has separate data for healthy controls and migraine patients, with sample sizes of 60 for T/E2 and Tc/E2, and smaller sizes for Tf/E2. A significant p-value of 0.01 is marked for Tf/E2 between controls and patients.]

FIGURE 4
 Group comparisons of calculated ratios between testosterone and estradiol: T/E2: Total testosterone to estradiol ratio, Tc/E2: Circadian testosterone to estradiol ratio, Tf/E2: Free testosterone to estradiol ratio. For the Tf/E2 ratio, values were available for n = 29 (healthy control) and n = 31 (migraine patients) (created with Plotly Technologies Inc.).





Analysis by aura status

In the subgroup analysis of migraine patients with (n = 24) and without aura (n = 34), no statistically significant differences were observed for testosterone (16.4 nmol/L, IQR 8.2 vs. 14.3 nmol/L, IQR 4.74; p = 0.301), Tc (17.6 nmol/L, IQR 6.2 vs. 15.3 nmol/L, IQR 4.4; p = 0.368), or Tf (both groups: 0.23 nmol/L, IQR 0.08 p = 0.804).

Similarly, E2 (0.09 nmol/L, IQR 0.02 in both groups; p = 0.283), P (0.3, IQR 0.3 in both groups; p = 0.68), and all calculated hormone ratios (E2/P, T/E2, Tc/E2, Tf/E2) did not differ significantly between the two subgroups. Median values and interquartile ranges are provided in Supplementary Table 3.



CGRP

Interictal CGRP serum concentrations did not differ significantly between groups, with a median of 32.2 pg./mL (IQR 45.3) in the migraine group and 41.6 pg./mL (IQR 57.7) in the control group (p = 0.129; see Figure 5).

[image: Box plot comparing plasma CGRP levels between healthy controls and migraine patients. Both groups have 60 participants. The p-value is 0.129, indicating no significant difference. The median and variability are visually represented with outliers marked above and below the main data distribution.]

FIGURE 5
 Comparison of interictal serum CGRP levels between migraine patients and controls (Boxplots created with Microsoft Excel).


Additionally, no significant correlations were observed between CGRP levels and E2, progesterone, testosterone, Tc, Tf, LH, or FSH, nor with clinical parameters such as migraine days, pain intensity, or aura frequency (see Supplementary Tables 4, 6).

In a subgroup analysis, CGRP concentrations also did not differ between migraine patients with aura 26.7 pg./mL (IQR 32.7) and those without aura 32.4 pg./mL (IQR 58.8); p = 0.072. There was no significant correlation between CGRP levels and sex hormones or clinical parameters within migraine with and without aura subgroups (Supplementary Tables 3, 5, 7).




Discussion

In this cohort of male participants, migraine patients exhibited significantly lower serum progesterone levels and higher E2/P and Tf/E2 ratios compared to healthy controls. No significant differences were observed in other sex hormone levels, their respective ratios, or interictal serum CGRP concentrations between the groups. Furthermore, no significant correlations were found between sex hormones or their ratios, and clinical outcomes such as migraine days, pain intensity, or aura frequency.

Historically, studies from the 1970s suggested that migraine was triggered primarily by estrogen withdrawal rather than progesterone fluctuations (25) and that progesterone administration did not provide a protective effect (26). However, more recent evidence challenges this view. Progesterone appears to suppress nociception in the trigeminal pathway, likely through its conversion to allopregnanolone, a neurosteroid that enhances GABAergic inhibitory signaling (27–29). In our study, the observation that male migraine patients had lower serum progesterone levels than healthy men supports the hypothesis that reduced progesterone may be associated with increased migraine susceptibility. We further propose that a protective hormonal profile - characterized by relatively high and stable levels of both progesterone and estrogen - may exist independently of sex. This pattern is observed in our study’s healthy male controls and in women during hormonal phases less susceptible to migraine, such as the late follicular phase and pregnancy (30). Clinical observations in women using progestin-only contraception support this concept, as continuous progestin administration seems to be associated with a reduction in migraine frequency (31). Supporting our findings, a subgroup analysis of a Chinese cohort study similarly reported higher serum progesterone levels in healthy male controls compared to men with migraine, along with a negative correlation between progesterone levels and headache burden in the migraine group (13). In contrast, our study found no significant correlations between sex hormones and clinical headache features, highlighting the complexity and multifactorial nature of hormonal influences on migraine and the potential variability across populations and study designs.

While progesterone may exert protective effects through modulation of trigeminovascular nociception, the role of testosterone and the Tf/E2 ratio in migraine remains less clear. Previous studies have yielded conflicting results: Shields et al. reported lower total testosterone levels in men with chronic migraine compared to healthy controls, while Van Oosterhout et al. found that men with EM had lower interictal testosterone levels and a reduced Tf/E2 ratio (11, 12). The differences between our study and previous investigations may be attributed to methodological variations in hormone measurement and participant selection. While Shields et al. exclusively analyzed total testosterone in men with chronic migraine, our study assessed total, circadian-corrected, and free testosterone levels, as well as various hormonal ratios, specifically in the context of EM. Importantly, our study ensured interictal sampling, with participants being headache-and medication-free for at least 12 h before and after blood collection. Differences in sampling protocols, particularly regarding the timing and standardization of hormone assessments, may have contributed to the variation in results (32–34).

Regarding CGRP, our study found no significant differences in interictal serum levels between migraine patients and healthy controls, nor did we observe correlations between sex hormones and CGRP. The existing literature on CGRP concentrations in peripheral blood is extensive yet contradictory. While some studies report no differences in interictal CGRP levels in episodic migraine patients, others suggest changes only in chronic migraine and during ictal phases (17, 35, 36). Thus, the role of CGRP as an interictal biomarker of migraine remains to be clarified.

To our knowledge, this is the first study to investigate sex hormone and CGRP concentrations in a cohort of male patients with episodic migraine stratified by aura status. We found no significant differences in hormone or CGRP levels between patients with and without aura. In addition, no relevant correlations were observed between neuropeptide or hormone concentrations and demographic or clinical variables such as age, BMI, migraine frequency, or disability scores. In contrast, a recent case–control study in a mixed-gender population (predominantly female) reported significantly higher interictal concentrations of CGRP, VIP, and PACAP-38 in patients with migraine with aura compared to those without aura and healthy controls Reference. Moreover, neuropeptide levels, particularly CGRP, were more strongly correlated with attack frequency and headache-related disability in patients with aura, suggesting a possible subtype-specific pathophysiological profile (37).

However, it is important to note that most hormonal research in migraine has focused on cyclical variation, menstrual migraine, or the effects of hormonal contraception, without further stratification by aura subtype (19, 38). Our findings provide novel evidence from a male sample and highlight the need for future studies to explore potential sex-and subtype-specific endocrine mechanisms in migraine pathophysiology.

In addition to hormonal differences, we observed a significant difference in diastolic blood pressure, with lower values in the control group. The observed difference in blood pressure is noteworthy and warrants further consideration. Elevated diastolic blood pressure in migraine patients has been linked to an increased risk of cardiovascular comorbidities. A large population-based study in Iceland reported that for each one standard deviation increase in diastolic blood pressure, the probability of having migraine increased by 14% in men (39). Emerging evidence suggest that progesterone may influence sympathetic activity, potentially affecting vascular tone and blood pressure regulation (40, 41). Lower levels of progesterone in migraine men could contribute to elevated diastolic blood pressure. Our findings may suggest a broader connection between migraine, hormonal regulation and cardiovascular health (3). This is the first study to investigate sex hormones and CGRP in male migraine patients using a relatively large cohort of 60 patients and 60 age-and BMI-matched healthy controls. Our sample was carefully selected to minimize confounding factors, and hormone analyses were conducted in a central laboratory blinded to group allocation to ensure measurement accuracy. However, several limitations should be acknowledged. Current measurement techniques and sample collection protocols may lack the sensitivity to detect subtle variations in CGRP and hormone levels. fT measurements using chemiluminescence immunoassays have known limitations in accuracy, highlighting the need for more sophisticated methods such as equilibrium dialysis or ultrafiltration. Similarly, at the low E2 levels typically found in men, mass spectrometry-based assays offer superior precision compared to standard immunoassays. Although not always available, applying these advanced methods in future studies could help to validate and expand upon our findings (42, 43). Additionally, blood samples were collected under non-fasting conditions between 9 a.m. and 4 p.m., rather than during the early morning peak for testosterone, requiring age-based corrections for circadian variations (23, 44). Although LH and FSH exhibit pulsatile secretion and can show short-term fluctuations, previous studies have demonstrated that diurnal variations in LH and FSH during typical clinical sampling hours are minimal and generally not considered clinically relevant for standard assessments in men (45). Nocturnal variations are more pronounced than daytime fluctuations, and dynamic or serial sampling would be required to capture these patterns (46). Due to the lack of validated correction functions in the literature, we did not adjust for circadian fluctuations in LH and FSH (44) and opted for a pragmatic approach in line with standard clinical practice, correcting only for testosterone.

Another limitation is the relatively short interictal period, defined as at least 24 h without migraine or use of acute medication. This duration is shorter than in similar studies and that migraine-related pathophysiological changes can occur in pro-and postdromal phases lasting from several hours up to several days (47). Extending the interictal period definition to more than 24 h, while scientifically desirable, poses practical challenges for participant recruitment and adherence, particularly in episodic migraine populations where attacks are frequent and unpredictable. We acknowledge that this limitation may have introduced some variability into the hormonal and biomarker measurements. Nonetheless, the use of a 24-h window allowed for feasible and consistent data collection across participants while reflecting real-world clinical settings. Future studies could address this limitation by incorporating longer headache-free intervals or even prospective monitoring with serial sampling to better delineate the interictal, preictal, and postictal phases of migraine with respect to hormonal dynamics.

Furthermore, there were some missing data in the demographic, clinical, and headache-related variables, which may limit the generalizability and completeness of the analyses. We addressed this by using complete case analysis, excluding participants only from analyses where relevant data were missing while retaining them in all other applicable analyses. Although this approach preserves available data, it may have reduced statistical power for some comparisons.



Conclusion

This study showed significantly lower serum progesterone levels and higher E2/P and Tf/E2 ratios in migraine patients compared to healthy controls. These findings support the hypothesis that progesterone may have a protective effect against migraine, while the balance between testosterone and estrogen, rather than absolute hormone levels, may influence migraine susceptibility. In contrast to previous reports, no significant differences in CGRP levels were observed between groups, highlighting the ongoing challenges in capturing interictal CGRP fluctuations. Future research should consider a longitudinal design to better explore the temporal dynamics of hormonal fluctuations in relation to migraine attacks.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Charité Ethics Committee, Charité Universitätsmedizin Berlin, Berlin, Germany. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

PT: Formal analysis, Investigation, Writing – original draft, Writing – review & editing. ES: Formal analysis, Investigation, Writing – original draft, Writing – review & editing. LO: Investigation, Writing – review & editing. MF: Investigation, Writing – review & editing. CH: Writing – review & editing. MT: Writing – review & editing. KL: Investigation, Writing – review & editing. UR: Writing – review & editing. BR: Conceptualization, Investigation, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Conflict of interest

PT reports personal fees from Abbvie. ES has received travel and accommodation expenses from Teva. MF reports personal fees from Teva. MT reports personal fees from Novartis and Teva. KL reports a research grant from the International Headache Society (IHS) and personal fees from Organon and Teva. UR reports no personal fees, institutional fees from Amgen, Allergan, Abbvie, Lilly, Lundbeck, Novartis, electroCore, Medscape, StreaMedUp, and Teva, and research funding from Novartis. BR reports research grants from Lundbeck, Novartis, German Research Foundation and Else Kröner-Fresenius Stiftung, and personal fees from Abbvie/Allergan, Eli Lilly, Lundbeck, Novartis, Organon, Perfood and Teva. MF is Fellow of the Junior Clinician Scientist Program, KL and BR of the Clinician Scientist Program, Berlin Institute of Health at Charité (BIH).

The remaining 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.

The reviewer ER-B declared a past co-authorship with the author BR to the handling editor.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2025.1648017/full#supplementary-material



References
	 1. Ashina,M, Katsarava,Z, Do,TP, Buse,DC, Pozo-Rosich,P, Özge,A , et al. Migraine: epidemiology and systems of care. Lancet. (2021) 397:1485–95. doi: 10.1016/s0140-6736(20)32160-7 
	 2. Raffaelli,B, Do,TP, Chaudhry,BA, Ashina,M, Amin,FM, and Ashina,H. Menstrual migraine is caused by estrogen withdrawal: revisiting the evidence. J Headache Pain. (2023) 24:131. doi: 10.1186/s10194-023-01664-4 
	 3. Fitzek,MP, Boucherie,DM, de Vries,T, Handtmann,C, Fathi,H, Raffaelli,B , et al. Migraine in men. J Headache Pain. (2025) 26:3. doi: 10.1186/s10194-024-01936-7 
	 4. Chalmer,MA, Kogelman,LJA, Callesen,I, Christensen,CG, Techlo,TR, Møller,PL , et al. Sex differences in clinical characteristics of migraine and its burden: a population-based study. Eur J Neurol. (2023) 30:1774–84 2. doi: 10.1111/ene.15778 
	 5. Bolay,H, Ozge,A, Saginc,P, Orekici,G, Uludüz,D, Yalın,O , et al. Gender influences headache characteristics with increasing age in migraine patients. Cephalalgia. (2015) 35:792–800. doi: 10.1177/0333102414559735 
	 6. Brusa,P, Allais,G, Rolando,S, Baratta,F, Giaccone,M, Bussone,G , et al. Migraine attacks in the pharmacy: a gender subanalysis on treatment preferences. Neurol Sci. (2015) 36:93–5. doi: 10.1007/s10072-015-2156-7 
	 7. Vetvik,KG, and Mac Gregor,EA. Sex differences in the epidemiology, clinical features, and pathophysiology of migraine. Lancet Neurol. (2017) 16:117:76–87. doi: 10.1016/S1474-4422(16)30293-9
	 8. Decaroli,MC, and Rochira,V. Aging and sex hormones in males. Virulence. (2017) 8:366:545–70. doi: 10.1080/21505594.2016.1259053
	 9. Xu,Q, Jin,L, Wang,L, Tang,Y, Wu,H, Chen,Q , et al. The role of gonadal hormones in regulating opioid antinociception. Ann Med. (2024) 56:2329259367. doi: 10.1080/07853890.2024.2329259 
	 10. Todd,CM, Yu,A, Lay,C, and Lagman-Bartolome,AM. Effect of testosterone therapy on migraine frequency and disability in two transgender patients: a case report. BMJ Case Rep. (2023) 16:e251895. doi: 10.1136/bcr-2022-251895 
	 11. Shields,LBE, Seifert,T, Shelton,BJ, and Plato,BM. Testosterone levels in men with chronic migraine. Neurol Int. (2019) 11:8079.189. doi: 10.4081/ni.2019.8079 
	 12. van Oosterhout,WPJ, Schoonman,GG, van Zwet,EW, Dekkers,OM, Terwindt,GM, Maassen Van DenBrink,A , et al. Female sex hormones in men with migraine. Neurology. (2018) 91:e374–e81.370. doi: 10.1212/wnl.0000000000005855 
	 13. Li,W, Diao,X, Chen,C, Li,C, Zhang,Y, and Li,Y. Changes in hormones of the hypothalamic-pituitary-gonadal axis in migraine patients. J Clin Neurosci. (2018) 50:290:165–71. doi: 10.1016/j.jocn.2017.11.011
	 14. Kobus,M, Sitek,A, Antoszewski,B, Rożniecki,J, Pełka,J, and Żądzińska,E. Prenatal oestrogen-testosterone balance as a risk factor of migraine in adults. J Headache Pain. (2021) 22:119. doi: 10.1186/s10194-021-01326-3 
	 15. Cernuda-Morollón,E, Larrosa,D, Ramón,C, Vega,J, Martínez-Camblor,P, and Pascual,J. Interictal increase of CGRP levels in peripheral blood as a biomarker for chronic migraine. Neurology. (2013) 81:1191–6. doi: 10.1212/WNL.0b013e3182a6cb72 
	 16. Goadsby,PJ, Edvinsson,L, and Ekman,R. Vasoactive peptide release in the extracerebral circulation of humans during migraine headache. Ann Neurol. (1990) 28:183–7. doi: 10.1002/ana.410280213 
	 17. Gallai,V, Sarchielli,P, Floridi,A, Franceschini,M, Codini,M, Glioti,G , et al. Vasoactive peptide levels in the plasma of young migraine patients with and without aura assessed both interictally and ictally. Cephalalgia. (1995) 15:318:384–90. doi: 10.1046/j.1468-2982.1995.1505384.x
	 18. Kamm,K. CGRP and migraine: what have we learned from measuring CGRP in migraine patients so far? Front Neurol. (2022) 13:930383. doi: 10.3389/fneur.2022.930383 
	 19. Raffaelli,B, Storch,E, Overeem,LH, Terhart,M, Fitzek,MP, Lange,KS , et al. Sex hormones and calcitonin gene-related peptide in women with migraine: a cross-sectional, matched cohort study. Neurology. (2023) 100:e1825–e35.242. doi: 10.1212/wnl.0000000000207114
	 20. Valdemarsson,S, Edvinsson,L, Hedner,P, and Ekman,R. Hormonal influence on calcitonin gene-related peptide in man: effects of sex difference and contraceptive pills. Scand J Clin Lab Invest. (1990) 50:385–8. doi: 10.3109/00365519009091595 
	 21. Headache Classification Committee of the International Headache Society (IHS). The international classification of headache disorders, 3rd edition. Cephalalgia. (2018) 38:1–211. doi: 10.1177/0333102417738202
	 22. Yang,M, Rendas-Baum,R, Varon,SF, and Kosinski,M. Validation of the headache impact test (HIT-6™) across episodic and chronic migraine. Cephalalgia. (2011) 31:357–67. doi: 10.1177/0333102410379890 
	 23. Gupta,SK, Lindemulder,EA, and Sathyan,G. Modeling of circadian testosterone in healthy men and hypogonadal men. J Clin Pharmacol. (2000) 40:335:731–8. doi: 10.1177/00912700022009486
	 24. Bertin Corp. Available online at: https://www.bertin-corp.com/wp-content/uploads/2023/12/A05481.pdf.321 (Accessed June 15, 2025).
	 25. Somerville,BW. The role of estradiol withdrawal in the etiology of menstrual migraine. Neurology. (1972) 22:284:355–65. doi: 10.1212/wnl.22.4.355
	 26. Somerville,BW. The influence of progesterone and estradiol upon migraine. Headache. (1972) 12:93–102.312. doi: 10.1111/j.1526-4610.1972.hed1203093.x
	 27. Gupta,S, McCarson,KE, Welch,KM, and Berman,NE. Mechanisms of pain modulation by sex hormones in migraine. Headache. (2011) 51:905–22. doi: 10.1111/j.1526-4610.2011.01908.x
	 28. Verdi,J, Jafari-Sabet,M, Mokhtari,R, Mesdaghinia,A, and Banafshe,HR. The effect of progesterone on expression and development of neuropathic pain in a rat model of peripheral neuropathy. Eur J Pharmacol. (2013) 699:207–12 300. doi: 10.1016/j.ejphar.2012.11.052 
	 29. Munro,G, Hansen,RR, and Mirza,NR. GABAA receptor modulation: potential to deliver novel pain medicines? Eur J Pharmacol. (2013) 716:303:17–23. doi: 10.1016/j.ejphar.2013.01.070
	 30. Krause,DN, Warfvinge,K, Haanes,KA, and Edvinsson,L. Hormonal influences in migraine - interactions of oestrogen, oxytocin and CGRP. Nat Rev Neurol. (2021) 17:621–33 311. doi: 10.1038/s41582-021-00544-2 
	 31. Warhurst,S, Rofe,CJ, Brew,BJ, Bateson,D, McGeechan,K, Merki-Feld,GS , et al. Effectiveness of the progestin-only pill for migraine treatment in women: a systematic review and meta-analysis. Cephalalgia. (2018) 38:754–64 314. doi: 10.1177/0333102417710636 
	 32. Moody,SN, Stephens,AI, Phan,JM, Miocevic,O, Kapoor,A, Wang,W , et al. Measuring hormones: considerations for biospecimen collection, assay, and analysis In: JE Edlund and AL Nichols, editors. The Cambridge handbook of research methods and statistics for the social and behavioral sciences: Volume 2: Performing research. Cambridge: Cambridge University Press (2024). 427–54.
	 33. Grossmann,M. Hypogonadism and male obesity: focus on unresolved questions. Clin Endocrinol. (2018) 89:11–21. doi: 10.1111/cen.13723 
	 34. Bremner,WJ, Vitiello,MV, and Prinz,PN. Loss of circadian rhythmicity in blood testosterone levels with aging in normal men. J Clin Endocrinol Metab. (1983) 56:1278–81 381. doi: 10.1210/jcem-56-6-1278 
	 35. Gupta,R, Ahmed,T, Banerjee,B, and Bhatia,M. Plasma calcitonin gene-related peptide concentration is comparable to control group among migraineurs and tension type headache subjects during inter-ictal period. J Headache Pain. (2009) 10:292:161–6. doi: 10.1007/s10194-009-0110-x
	 36. Lee,MJ, Lee,S-Y, Cho,S, Kang,E-S, and Chung,C-S. Feasibility of serum CGRP measurement as a biomarker of chronic migraine: a critical reappraisal. J Headache Pain. (2018) 19:53. doi: 10.1186/s10194-018-0883-x 
	 37. Sreevani,N, Ramesh,B, Maheshkumar,K, and Thanalakshmi,J. Comparative analysis of CGRP, VIP and PACAP-38 levels in migraine with and without aura: a case–control study. Ann Neurosci. 23:09727531251340156.436. doi: 10.1177/09727531251340156
	 38. Storch,E, Overeem,LH, Terhart,M, Fitzek,MP, Lange,KS, Reuter,U , et al. PACAP-38 and sex hormones in women with migraine: exploratory analysis of a cross-sectional, matched cohort study. J Headache Pain. (2024) 25:98. doi: 10.1186/s10194-024-01804-4 
	 39. Gudmundsson,LS, Thorgeirsson,G, Sigfusson,N, Sigvaldason,H, and Johannsson,M. Migraine patients have lower systolic but higher diastolic blood pressure compared with controls in a population-based study of 21, 537 subjects. The Reykjavik study. Cephalalgia. (2006) 26:378:436–44. doi: 10.1111/j.1468-2982.2005.01057.x
	 40. Shi,J, Wei,D, Wang,L, Xu,Q, Wang,J, Ma,C , et al. Serum progesterone is negatively associated with hypertension and blood pressure indicators among men and postmenopausal women. Horm Metab Res. (2023) 55:405:273–83. doi: 10.1055/a-2024-0708
	 41. Tollan,A, Oian,P, Kjeldsen,SE, Eide,I, and Maltau,JM. Progesterone reduces sympathetic tone without changing blood pressure or fluid balance in men. Gynecol Obstet Investig. (1993) 36:408:234–8. doi: 10.1159/000292636
	 42. Dalmiglio,C, Bombardieri,A, Mattii,E, Sestini,F, Fioravanti,C, Castagna,MG , et al. Analytical performance of free testosterone calculated by direct immunoluminometric method compared with the Vermeulen equation: results from a clinical series. Hormones (Athens). (2024) 23:313–9.383. doi: 10.1007/s42000-023-00522-x
	 43. Rosner,W, Hankinson,SE, Sluss,PM, Vesper,HW, and Wierman,ME. Challenges to the measurement of estradiol: an endocrine society position statement. J Clin Endocrinol Metab. (2013) 98:1376–87 384. doi: 10.1210/jc.2012-3780 
	 44. Bailey,M, and Silver,R. Sex differences in circadian timing systems: implications for disease. Front Neuroendocrinol. (2014) 35:345:111–39. doi: 10.1016/j.yfrne.2013.11.003
	 45. Brambilla,DJ, Matsumoto,AM, Araujo,AB, and McKinlay,JB. The effect of diurnal variation on clinical measurement of serum testosterone and other sex hormone levels in men. J Clin Endocrinol Metab. (2009) 94:907–13 385. doi: 10.1210/jc.2008-1902 
	 46. Veldhuis,JD, Carlson,ML, and Johnson,ML. The pituitary gland secretes in bursts: appraising the nature of glandular secretory impulses by simultaneous multiple-parameter deconvolution of plasma hormone concentrations. Proc Natl Acad Sci. (1987) 84:7686–90. doi: 10.1073/pnas.84.21.7686 
	 47. Ferrari,MD, Goadsby,PJ, Burstein,R, Kurth,T, Ayata,C, Charles,A , et al. Migraine. Nat Rev Dis Primers. (2022) 8:231. doi: 10.1038/s41572-021-00328-4 



Glossary


	BMI

	
Body Mass Index



	CGRP

	
Calcitonin Gene-Related Peptide



	CM

	
Chronic Migraine



	E2

	
Estradiol



	E2/P

	
Estradiol-to-Progesterone Ratio



	EDTA

	
Ethylenediaminetetraacetic Acid



	ELISA

	
Enzyme-Linked Immunosorbent Assay



	EM

	
Episodic Migraine



	FSH

	
Follicle-Stimulating Hormone



	HIT-6

	
Headache Impact Test-6



	ICHD-3

	
International Classification of Headache Disorders, 3rd Edition



	IQR

	
Interquartile Range



	LH

	
Luteinizing Hormone



	MMD

	
Monthly Migraine Days



	PACAP

	
Pituitary Adenylate Cyclase-Activating Polypeptide



	BP

	
Blood Pressure (Systolic/Diastolic)



	SD

	
Standard Deviation



	SHBG

	
Sex Hormone-Binding Globulin



	T/E2

	
Testosterone-to-Estradiol Ratio



	Tc

	
Corrected Testosterone



	Tf

	
Free Testosterone



	Tf/E2

	
Free Testosterone-to-Estradiol Ratio



	NRS

	
Numeric Rating Scale
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