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Abstract
Background
Neurosteroids affect the balance between neuroexcitation and neuroinhibition but have been little studied in migraine. We compared the serum levels of pregnenolone sulfate, pregnanolone and estradiol in women with menstrually-related migraine and controls and analysed if a correlation existed between the levels of the three hormones and history of migraine and age.

Methods
Thirty women (mean age ± SD: 33.5 ± 7.1) with menstrually-related migraine (MM group) and 30 aged- matched controls (mean age ± SD: 30.9 ± 7.9) participated in the exploratory study. Pregnenolone sulfate and pregnanolone serum levels were analysed by liquid chromatography-tandem mass spectrometry, while estradiol levels by enzyme-linked immunosorbent assay.

Results
Serum levels of pregnenolone sulfate and pregnanolone were significantly lower in the MM group than in controls (pregnenolone sulfate: P = 0.0328; pregnanolone: P = 0.0271, Student’s t-test), while estradiol levels were similar. In MM group, pregnenolone sulfate serum levels were negatively correlated with history of migraine (R2 = 0.1369; P = 0.0482) and age (R2 = 0.2826, P = 0.0025) while pregnenolone sulfate levels were not age-related in the control group (R2 = 0.04436, P = 0.4337, linear regression analysis).

Conclusion
Low levels of both pregnanolone, a positive allosteric modulator of the GABAA receptor, and pregnenolone sulfate, a positive allosteric modulator of the NMDA receptor, involved in memory and learning, could contribute either to headache pain or the cognitive dysfunctions reported in migraine patients. Overall, our results agree with the hypothesis that migraine is a disorder associated with a loss of neurohormonal integrity, thus supporting the therapeutic potential of restoring low neurosteroid levels in migraine treatment.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s10194-021-01231-9.
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Introduction
Altered levels of neurosteroids, by changing the balance between neuroexcitation and neuroinhibition in the central nervous system (CNS), can affect psychiatric and neurological disorders [1]. However, the involvement of neurosteroids in migraine has been little explored. In a previous study, we found lower levels of allopregnanolone, a positive allosteric modulator of the γ-aminobutyric acid type A (GABAA) receptor, in women with menstrually-related migraine than in controls. These data suggested that the reduced levels of allopregnanolone, an inhibitory neurosteroid, were insufficient to counteract the neuronal hyperexcitability associated with migraine [2], thus contributing to the severity of menstrual related migraine attacks [3]. Indeed, migraine is characterized by generalized neuronal hyperexcitability [4], probably mediated by an increased or impaired glutamate transmission [5]. Therefore, it would also be important to study neuroactive steroids with excitatory functions such as pregnenolone sulfate (pregn-5-en-3β-ol-20-one 3β-sulfate). Actually, this neurosteroid acts as a positive allosteric N-methyl-D-aspartate (NMDA) receptor modulator [6, 7] and is a potent stimulator of transient receptor potential melastatin-3 (TRPM3) channels, that function as nociceptors in the somatosensory system [8]. Moreover, at the molecular level, stimulation of TRPM3 channels has been shown to be involved in calcitonin gene-related peptide (CGRP) exocytosis [9, 10].
Fluctuations in estrogen and progesterone during the oestrus cycle affect pain perception and threshold. Estradiol, by increasing the NMDA receptor activity, is excitatory while progesterone is inhibitory [11]. Furthermore, variation of estrogen levels modulate the signalling of the CGRP receptor in the trigeminovascular system [12, 13]. In the previous study, we found no differences in progesterone levels between women with menstrually-related migraine and non-headache women, but we did not measure estradiol or pregnanolone, an isomer of allopregnanolone, also an agonist of the GABAA receptor [3].
To broaden the study on neurosteroids in menstrually related migraine and, in particular, to investigate the balance between steroids with inhibitory and excitatory functions we determined the serum levels of pregnenolone sulfate, pregnanolone and estradiol in women suffering from menstrually-related migraine, compared them with those in non-headache women and analysed whether the levels of the three hormones correlated with the history of migraine and age.
Methods
Study population
We determined the serum concentrations of pregnenolone sulfate, estradiol and pregnanolone in the same samples in which we had previously determined other neuroactive hormones (allopregnanolone, progesterone and testosterone) [3]. Therefore, this exploratory study had involved 30 women (mean age ± SD: 33.5 ± 7.1; range 19–45; mean years of migraine ± SD: 17.4 ± 8.9 years) diagnosed with menstrually-related migraine according to the diagnostic criteria of the International Classification of Headache Disorders 3rd edition (ICHD-3, appendix, A1.1.2) [14] (MM group) and 30 non-headache, age-matched women, as controls (mean age ± SD: 30.9 ± 7.9; range 18–44).
Only women with no medical or psychiatric comorbidities and who were not taking migraine prophylaxis, hormone therapies or other drugs capable of modifying neurosteroid levels were included in the study. The MM group was enrolled among the patients of the Headache Center of the University Hospital of Modena (Italy); controls were acquaintances of the patients. The subjects were enrolled from July 2018 to May 2019. All the women provided written consent to participate in the study which was approved by the Ethics Committee of the Area Vasta Emilia Nord (AVEN, Italy) (prot. 0013510/18). Study design and enrollment’s procedures are described in detail in our previous publication [3].
Data collection and procedure
For each subject, personal data, lifestyle habits, clinical history and, for the migraine group, also the history of migraine were collected. Fasting blood samples were collected between day 7 and day 10 of the menstrual cycle and at least two days after the last migraine attack. The samples were allowed to clot at room temperature for 1 h and then centrifuged at 2000 x g for 10 min at + 4 °C to collect sera.
Quantitative determination of pregnenolone sulfate and pregnanolone by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
Quantitative determination of pregnenolone sulfate and pregnanolone, which present a keto-group in their moieties, was performed as previously described [3]. Briefly, serum samples were added with deuterated internal standard (IS), vortexed and treated with acetonitrile/methanol (70/30; + 1.0% formic acid) to precipitate proteins. The obtained supernatants were subjected to solid phase extraction procedure to remove endogenous phospholipids and evaporated to dryness. The residues were then derivatized with Amplifex Keto Reagent and analysed by LC-MS/MS on a Kinetex XB-C18 column with a mobile phase of water/acetonitrile (+ 3 mM ammonium formate, + 0.1% formic acid) under gradient elution. Compounds were detected in multiple reaction monitoring mode by acquiring three selected MS/MS transitions for each analyte and IS. Serum levels of the target analytes were determined via the calibration curves calculated by analysing blank albumin samples, spiked with known amounts of the target analytes and IS and purified as described above (x = concentration; y = analyte signal/IS signal ratio). Calibration range was 4.00–120 ng/ml and 0.02–0.65 ng/ml for pregnenolone sulfate and pregnanolone, respectively, and limit of quantitation values were 0.010 ng/mL and 0.006 ng/mL for pregnenolone sulfate and pregnanolone, respectively.
Quantitative determination of estradiol by enzyme-linked Immunosorbent assay (ELISA)
Estradiol, whose molecule lacks a carbonyl group, does not respond to Amplifex derivatization. On the other hand, direct LC-MS/MS analysis of non-derivatized estradiol does not provide sufficient sensitivity to detect low concentrations. Consequently, the enzyme immunoassay technique was employed for the quantitative measurement of estradiol in serum using a commercial kit (Estradiol sensitive ELISA, Demeditec, Germany), following the protocol reported by the manufacturer. The data were acquired on a microplate reader (Multiscan FC, Thermo Scientific, USA) by measuring the absorbance at λ = 450 nm. Estradiol concentrations were determined from a standard curve generated with calibrators included in the kit (calibration range: 1.4–200 pg/mL; limit of quantitation: 1.4 pg/mL).
Statistical analysis
Serum levels of pregnenolone sulfate, pregnanolone and estradiol determined in the MM group were compared with those found in the control group by Student’s t-test for independent samples. Effect sizes were calculated using Cohen’s d to compare magnitude of the difference of the means and considered as small (0.2), medium (0.5) and large (0.8). The relationship between the levels of the three hormones (independent variables) with migraine years and age was assessed by linear regression analysis. Statistical analysis was carried out by StataIC 13 software. Differences were considered significant if P-value (two-tailed) was lower than 0.05.
Results
In the MM group, both pregnenolone sulfate (39.58 ± 18.36) and pregnanolone (0.09 ± 0.06) serum levels (ng/mL, mean ± SD) were significantly lower than in the control group (pregnenolone sulfate: 55.82 ± 31.79, P = 0.0328; pregnanolone: 0.16 ± 0.11, P = 0.0271, Student’s t-test). The size of the differences between MM and controls determined by Cohen’s d value was medium for pregnenolone sulfate (− 0.64) and large for pregnanolone (− 0.82). Serum levels (pg/mL, mean ± SD) of estradiol were similar between MM (90.02 ± 59.22) and control (67.52 ± 41.12) groups (P = 0.1538, Student’s t-test).
In the MM group (Fig. 1) pregnenolone sulfate serum levels were negatively correlated with history of migraine (R2 = 0.1369; P = 0.0482) and age (R2 = 0.2826, P = 0.0025) while pregnenolone sulfate levels were not age-related in the control group (R2 = 0.04436, P = 0.4337, linear regression analysis). The levels of pregnanolone and estradiol in the MM group showed no correlation with history of migraine (pregnanolone: R2 = 0.01091, P = 0.5897; estradiol: R2 = 0.04694, P = 0.2777) and age (pregnanolone: R2 = 0.02108, P = 0.4524; estradiol: R2 = 0.02805, P = 0.4037). Even in the control group, pregnanolone and estradiol levels showed no correlation with age (pregnanolone: R2 = 0.01182, P = 0.6997; estradiol: R2 = 0.001884, P = 0.8779, linear regression analysis).
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Fig. 1Correlation between serum levels of pregnenolone sulfate, pregnanolone and estradiol and a) years of migraine in MM group, b) years of age in MM group and c) years of age in control group. NS = not significant


Discussion
Neuroactive steroids modulate a broad spectrum of neuronal functions including cognition, memory and pain perception. In particular, pregnenolone sulfate acts as a cognitive enhancer by improving learning and memory [1, 15] and reduced pregnenolone sulfate levels could be involved in the cognitive dysfunction and memory problems reported in migraine patients [16]. Accordingly, in MM women the serum levels of pregnenolone sulfate (Fig. 1) correlated inversely with the history of migraine and age, while in the control group no correlation with age was present. Therefore, we believe that migraine and its persistence over the years, rather than the age alone, were associated with progressively decreased levels of pregnenolone sulfate.
The levels of pregnanolone were also significantly lower in MM compared to the control group, in accordance with the previously detected low concentrations of allopregnanolone [3], but they did not correlate with the history of migraine or age. This data can be explained bearing in mind that the production routes of the two hormones are different [17].
As we did not find any differences for progesterone in the previous study [3], the levels of estradiol in the follicular phase were similar between MM and control groups and did not correlate with the history of migraine or age. In contrast, estradiol levels in the luteal phase were reported to be significantly lower in patients suffering from menstrually-related migraine than in healthy controls [18].
Our study has some limitations. The main one was that the determinations were performed in peripheral blood and the ability of pregnenolone sulfate to penetrate the blood brain barrier (BBB) is questionable. It could simply contribute to the neuroactive steroid pool or penetrate the BBB via transporter proteins [19]. However, circulating pregnenolone sulfate has been observed to affect pregnenolone concentration in the CNS in humans [17]. Finally, peripheral levels of allopregnanolone and pregnenolone have been shown to be positively correlated with gray matter thickness in multiple regions of the cerebral cortex [20]. Ours was an exploratory study, of limited number and therefore our results need to be confirmed in a wider series. We did not perform cognitive tests in the two studied groups, which however did not differ in demographic characteristics and comorbidities. In addition, the levels of pregnenolone sulfate in the control group agreed with those reported in the literature for healthy subjects [1, 21], while no other published data are available for levels in migraine.
Overall, the current results concerning lower levels for pregnenolone sulfate and pregnanolone and our previous results for lower allopregnanolone serum levels in MM group versus control group (see Additional Table) [3] agree with the hypothesis that migraine is a disorder associated with a loss of neurohormonal integrity [22]. In fact, it has been observed that severe pain causes hyper-excitation of the hypothalamus-pituitary-adrenal system which results in high levels of serum hormones such as adrenocorticotropin, cortisol and pregnenolone. If the severe pain continues, however, the system cannot maintain its normal hormone production and the serum levels of some hormones can drop below the normal range [23].
In conclusion, the reduction in peripheral levels of neuroactive steroids in women with menstrually-related migraine (Fig. 2), influencing the neurosteroid pool in the CNS and the activity of neuronal networks, could contribute either to headache pain or the cognitive dysfunctions reported in migraine [16, 24, 25]. Consequently, restoring low endogenous neurosteroid levels could exhibit therapeutic potential in migraine management.
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Fig. 2Neurosteroids in menstrually-related migraine (MM): altered serum levels in the analyzed samples and possible pathophysiological role. Serum levels of estradiol, progesterone and testosterone were similar between MM and control groups in our studies (samples collected in follicular phase). CNS: central nervous system; PREG-S: pregnenolone sulfate; AP: allopregnanolone; PREG: pregnanolone. Image credit: https://​www.​shutterstock.​com
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