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Intravenous infusion of human alpha calcitonin gene-related peptide (h-α-CGRP) has been applied to explore migraine pathogenesis and cerebral hemodynamics during the past three decades. Cumulative data implicate h-α-CGRP in regulating the vascular tone. In this systematic review, we searched PubMed and EMBASE for clinical studies investigating the vascular changes upon intravenous infusion of h-α-CGRP in humans. A total of 386 studies were screened by title and abstract. Of these, 11 studies with 61 healthy participants and 177 participants diagnosed with migraine were included. Several studies reported hemodynamic effects including flushing, palpitation, warm sensation, heart rate (HR), mean arterial blood pressure (MABP), mean blood flow velocity of middle cerebral artery (mean VMCA), and diameter of superficial temporal artery (STA). Upon the start of h-α-CGRP infusion, 163 of 165 (99%) participants had flushing, 98 of 155 (63%) participants reported palpitation, and 160 of 165 (97%) participants reported warm sensation. HR increased with 14%–58% and MABP decreased with 7%–12%. The mean VMCA was decreased with 9.5%–21%, and the diameter of the STA was dilated with 41%–43%. The vascular changes lasted from 20 to >120 min. Intravenous infusion of h-α-CGRP caused a universal vasodilation without any serious adverse events. The involvement of CGRP in the systemic hemodynamic raises concerns regarding long-term blockade of CGRP in migraine patients with and without cardiovascular complications.
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1. Introduction

Calcitonin gene-related peptide (CGRP) is a 37-amino acid vasoactive neuropeptide that belongs to the calcitonin family which includes adrenomedullin, adrenomedullin 2/intermedin and amylin (1). The human CALCA gene codes for the thyroid gland hormone calcitonin and α-CGRP via alternative splicing in neural tissues (2). Upon neuronal stimulation, α-CGRP is released from sensory neurons (mainly C-fibers) via calcium-dependent exocytosis to bind to its receptor located on the cell membrane of several cell types including, smooth muscle cells (3–5), endothelial cells (6), and cardiomyocytes (7). CGRP receptor complex consists of a seven domain G-protein coupled receptor (GPCR) known as calcitonin receptor-like receptor (CRLR) associated to a single transmembrane protein recognized as receptor activity modifying protein-1 (RAMP1). CGRP leads to vasodilation via two distinct mechanisms. Direct activation of the receptor complex in vascular smooth muscle cells causes protein kinase A (PKA)-mediated smooth muscle relaxation, or indirectly by nitric oxide from endothelial cells. CGRP has cardioprotective effects, and several preclinical studies demonstrated its role in cardiovascular health (5, 8–10).

Intravenous infusion of human α-CGRP (h-α-CGRP) has been applied to explore headache and migraine pathogenesis during the past three decades. These studies reported that h-α-CGRP induced headache in healthy individuals and migraine-like attacks in individuals with migraine (11, 12). These findings led to development of drugs that target the CGRP pathway for the acute and preventative treatment of migraine (13). The cardioprotective effects of CGRP (10), including the (1) antihypertensive effects, (2) attenuating cardiac remodeling, and (3) increasing angiogenesis to limit damage associated with the progression of cardiovascular diseases, raises concerns regarding long-term blockade of CGRP in individuals with migraine who are at high risk for ischaemic events or have a history of a myocardial infarction, coronary artery disease, and cerebrovascular accidents.

Insight into the pharmacodynamics of CGRP could shed light on possible risks associated with long-term blockade of CGRP. The present systematic review summarizes the current literature on reported physiological role of CGRP reflected by vascular changes following infusion of h-α-CGRP in healthy volunteers and individuals diagnosed with migraine, discuss the physiological and pathophysiological effects based on the reported adverse events (AEs), and highlights potential risks when targeting CGRP signaling pathway.



2. Methods


2.1. Data sources

An a priori systematic review protocol was developed. Although no protocol was registered, the full protocol can be obtained from the corresponding author upon request. The reporting of this systematic review was guided by the standards of the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) Statement (14). We searched PubMed and Embase for human studies in English using intravenous infusion of h-α-CGRP prior to July 14, 2022, with no demographic specification. The search string was “(CGRP OR ‘calcitonin gene-related peptide’) AND (Infusion OR Administration)”.



2.2. Selection criteria, study inclusion, and data extraction

After de-duplicating, two investigators (M.M.K. and P.S.F) independently screened all studies by title and abstract and then full text to confirm eligibility for this review. The eligibility of studies was based on the PICO (population, intervention, comparison, and outcome) approach. Inclusion criteria were in vivo human studies published in English with a 20-minute (min) intravenous infusion of h-α-CGRP. We excluded studies evaluating medical treatment based on the induced effects of h-α-CGRP, studies using CGRP-antagonists and studies applying other types of headache-inducing substances. Reference lists of all included studies were screened manually for studies that had been missed by the initial search.

Data was extracted independently by two investigators (M.M.K. and P.S.F). Any discrepancies between two investigators were resolved by a third investigator (F.M.A). The following data was extracted for each included study: population, participants included, gender, drug, infusion-dose (μg/min), infusion-time (min), all mentioned AEs hypothesis, and outcome.




3. Results

The database search identified 386 citations after removing duplicates. Through manual screening of title, abstract and full text review of relevant articles, 11 studies met the inclusion criteria and were included in Scheme 1 (11, 12, 15–23). Data following infusion of h-α-CGRP, but not placebo, was included (Tables 1–3).
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SCHEME 1
 Flowchart of search protocol.




TABLE 1 Population, hypothesis, and outcome.
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TABLE 2 Headache.
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TABLE 3 Vascular effects.
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In total, 238 adults were included in the 11 studies: two studies included healthy participants exclusively (n = 40), four studies included participants diagnosed with migraine without aura (MO, n = 67) (11, 16, 17, 20), one study included participants diagnosed with migraine with aura (MA, n = 19), two studies included participants diagnosed with chronic migraine (CM, n = 71) (18, 20), two studies included participants diagnosed with familial hemiplegic migraine (FHM, n = 20) (15, 23). In three studies with participants with migraine, healthy adults (n = 21) were included as a control group (12, 15, 23). In total, 11 studies included 61 healthy participants and 177 participants diagnosed with migraine (11, 12, 15–23; Table 2).

Objective and subjective measurements on the hemodynamic effects following h-α-CGRP infusion included flushing, palpitation, warm sensation, heart rate (HR), mean arterial blood pressure (MABP), mean blood flow velocity of middle cerebral artery (mean VMCA) and diameter of superficial temporal artery (STA) (Table 3). Upon the start of h-α-CGRP infusion, 163 of 165 (99%) participants had flushing, 98 of 155 (63%) participants reported palpitation, and 160 of 165 (97%) participants reported warm sensation. Lassen et al. found the median time of flushing to be 70 min after the start of h-α-CGRP infusion (11, 16). HR increased with 14%–58% and MABP decreased with 7%–12%. One study found an increase of MABP with 11% after CGRP. The mean VMCA was decreased with 9.5%–21% (11, 15, 16, 19, 21) and the diameter of the STA was dilated with 41%–43%. Based on the blood flow velocity decrease, Lassen et al. (16) estimated the dilation of the MCA to be 7.5%, given that the total blood flow is constant. The peak vascular changes occurred at 15–20 min after the start of h-α-CGRP infusion and lasted from 20 to >120 min.

Upon h-α-CGRP infusion, 26 of 31 (84%) of healthy participants reported headache (12, 23), three of 41 (7%) healthy participants reported migraine-like headache (12, 15, 23), and 96 of 153 (63%) participants diagnosed with migraine reported migraine-like attacks (11, 12, 15–18, 20, 21, 23).

Nausea was reported by 35 of 86 (41%) participants diagnosed with migraine in five studies (11, 12, 17, 18, 23). Aura was investigated in 3 studies conducted on participants diagnosed with FHM, MA exclusively, and MO and MA (12, 15, 21). Four of 53 (8%) participants reported aura following infusion of h-α-CGRP. All four cases of aura were observed in Hansen et al. (12). Five studies reported that 35 of 46 (76%) participants used their rescue medications to treat the induced migraine (11, 12, 17, 18, 23).



4. Discussion

The present study is the first to systematically review and evaluate the vascular effects following intravenous infusion of h-α-CGRP (Tables 1–3). Overall, infusion of h-α-CGRP caused no serious AEs and was well-tolerated by healthy participants and individuals diagnosed with migraine. Infusion of h-α-CGRP caused flushing, palpitation, warm sensation and dilated cerebral and extra-cerebral arteries. The peak vascular changes occurred at 15–20 min after the start of h-α-CGRP infusion and lasted 20–120 min across studies. These results reflect the short half-life of CGRP (approximately 7–30 min) (24) and its effect on G protein-coupled receptor (GPCR).

In mice, genetic deletion of CGRP or RAMP1 elevated baseline blood pressure in some (25–29) but not all studies (5, 30). Overexpression or knock-in of human RAMP1 in all (31) or solely neural tissues (32) potentiates CGRP-dependent blood pressure reduction in angiotensin II-induced hypertension. Numerous in vivo preclinical studies of hypertension and heart failure demonstrated an upregulation of RAMP1 and/or CGRP expression in pathological conditions, indicating a cardioprotective role of CGRP (5, 8–10). Thus, CGRP might delay the onset and development of hypertension through cardioprotective mechanisms in addition to ameliorating pressure overload-induced heart failure. Moreover, the presence of CGRP receptor blockers inhibited dilation of collateral vessels in acute ischaemic stroke, leading to an increase in infarct volume (33). Collectively, CGRP is a key physiological regulator of vascular tone with cardioprotective effects. However, studies investigating the beneficial effects of CGRP have been limited due to its short peptide half-life.


4.1. Targeting CGRP pathway

Trigeminovascular release of the potent vasodilatory neuropeptide CGRP has been shown to have an essential role in migraine attack initiation (34). Its involvement in migraine pathogenesis has been firmly established by a series of intervention studies, wherein patients with migraine reported migraine-like attacks upon intravenous CGRP infusion (11, 12). These findings have emphasized that CGRP pathway is a promising target and have led to development of migraine-specific therapies, including CGRP receptor antagonists (gepants: ubrogepant, zavegepant, rimegepant, and atogepant) and CGRP-pathway targeting monoclonal antibodies (eptinezumab, erenumab, fremanezumab, and galcanezumab) (35). The approval of gepants and monoclonal antibodies by the US Food and Drug Administration (FDA) and the European Medicines Agency, shifts these from administration in controlled clinical trials to the real-world setting. It is worth mentioning that the vast majority of clinical trials included women of a White ethnic background of similar ages from the USA and Europe. The fundamental question is whether findings from these trials are replicable in populations with no restricted diversity.

In the past three decades, triptans (5-HT1B/1D receptor agonists) were the gold standard acute-acting antimigraine treatments (36). Triptans, which were highly effective and well-tolerated, have revolutionized the treatment of this debilitating condition that affects millions of people throughout the world. Although the cardiovascular risk of triptans appears to be low, the use of triptans in clinical practice is contraindicated when having a history of a myocardial infarction, coronary artery disease, and cerebrovascular accidents (37, 38). Moreover, cardio-and cerebrovascular risk could be increased by chronic use of non-steroidal anti-inflammatory drugs (NSAID) (39). A novel acute therapy for migraine is lasmiditan which is a centrally-penetrant, highly selective and potent 5-hydroxytryptamine type 1F (5-HT1F) receptor agonist without vasoconstrictive activity (40). However, lasmiditan is associated with impaired driving performance, patients are advised not to drive a motor vehicle or operate machinery for at least 8 hours after ingestion (41). These observations emphasized the unmet need for migraine-specific therapies without cardio-and/or cerebrovascular risk.

The second generation of gepants are small-molecule CGRP receptor antagonists that are administrated orally (ubrogepant, rimegepant, and atogepant) or intranasally (zavegepant). Clinical trials showed that gepants are safe, tolerable and effective for the acute (ubrogepant, rimegepant, and zavegepant) and preventive (rimegepant and atogepant) treatment of migraine (42–45). Owing their high lipophilicity, gepants largely distribute to adipose tissues, and such fat accumulation would lead to long-lasting release of gepants into blood. In the broad and historical sense, the population response of gepants in terms of pain relief and freedom from the most bothersome migraine associated symptoms at 2 hours is less than that seen with triptans. Due to the limitations of comparing across studies, it might not be accurate to conclude that gepants have a lower efficacy compared to triptans. In a randomized, double-blind, placebo controlled, dose-ranging study with triptan as an active comparator, responses to the rimegepant and sumatriptan on pain freedom were similar (46). Clinical trials reported that ubrogepant was safe in healthy adults and in individuals with a moderate to high cardiovascular risk profile (47, 48). The safety of ubrogepant was sustained, as long-term (over at least 1 year) intermittent use did not induce clinically significant cardiac or hepatic adverse events (49). Hence, gepants might be effective in patients with comorbid cardiovascular disease, vascular risk factors and/or in patients with insufficient response to other migraine therapies. However, these studies were usually performed in otherwise healthy women of a White ethnic background with high BMIs, and were not powered to detect effect of sex, BMI, or ethnic background. These factors might in particular combinations lead to either high drug concentrations, increasing side-effect burden, or low drug concentrations, reducing drug efficacy. Therefore, prospective randomized studies including diverse patient populations with comorbid cardiovascular disease are needed. Collectively, several aspects might affect exposure and clinical response to gepants in a wide range of patients.

Monoclonal antibodies are a new antimigraine drug class, targeting either CGRP (fremanezumab, galcanezumab, and eptinezumab) or its receptor (erenumab). The last is a fully human monoclonal antibody, whereas the other three antibodies contain a sequence of the mouse genome (35). The net result of targeting CGRP or its receptor is that interaction between CGRP and its receptor can no longer occur in a similar way to the gepants. However, in the case of erenumab, CGRP is free to act on other receptors (eg, the amylin-1 receptor) (43, 50). Due to their long half-life, combined with their route of administration (intravenous or subcutaneous), interindividual variability is less expected for the antibodies compared to the gepants. Pharmacokinetic and pharmacodynamic dose-finding studies reported that CGRP-induced dermal vasodilation lasted up to 12 h in human forearm model (51), and the antibody concentrations that were needed to inhibit CGRP-induced vascular effects were considerably lower than those required for efficient antimigraine therapy (52). Possible explanations for this observation are (1) simple cephalic vasodilation is not sufficient to trigger migraine pain, (2) vascular bed in the trigeminal region is different from extra-trigeminal region with regard to the released amount of CGRP and/or the CGRP receptor density, and (3) different combination of receptors involved in CGRP-induced vascular response in the trigeminal region. The last explanation is further supported by the finding that patients with migraine without aura reported migraine attacks upon intravenous infusion of amylin (53). The relative contribution of these different receptors is yet to be elucidated. One important difference after activation is that the canonical CGRP receptor undergoes internalization (ie, it brought into the cell, but can still signal), while internalization does not seem to occur with the amylin-1 receptor. Considering the role of CGRP in cardiovascular health (54, 55) and because the cardiovascular risk of long-term use of drugs targeting CGRP pathway is unknown, the general recommendation is that the new drugs should not be used in people at high risk for ischaemic events (56–58). Clinical trials assessing the impact of anti-CGRP therapies on blood pressure (BP) reported conflicting results. Erenumab and fremanezumab were found to increase the mean systolic and diastolic BP, and some patients required antihypertensive treatment (59, 60). However, Dodick and collogues (61) found no increased risk of hypertension in patients with migraine who received erenumab in clinical trials and in the postmarketing setting and concluded that additional data are needed to fully characterize the extent to which hypertension is a risk associated with targeting CGRP pathway. In a safety follow-up study (62), 5 years of erenumab treatment had no meaningful changes in mean systolic/diastolic blood pressure or heart rate compared to baseline. Large-scale follow-up clinical trials with a wide range of age groups will clarify whether long-term CGRP blockade leads to hypertension-related side effects.




5. Limitations and strengths

The present study is the first to systematically review and evaluate the vascular effects following intravenous infusion of h-α-CGRP. We acknowledge that only including studies with a 20-min intravenous infusion of h-α-CGRP is a limitation. The reason behind this inclusion criteria is to capture homogeneous vascular data. We included all studies that fulfilled the predefined ex-and inclusion criteria, but the majority of the included studies were performed in our center. Despite the limitation that several studies did not assess the effect of α-CGRP on VMCA and the diameter of the STA (Table 2), the consensus finding is that α-CGRP decreased mean VMCA (with ~10%) and increased the diameter of the STA (with ~40%).



6. Conclusion

Infusion of h-α-CGRP caused flushing, palpitation, warm sensation and dilated cerebral and extra-cerebral arteries. The peak vascular changes occurred at 15–20 min after the start of h-α-CGRP infusion and lasted 20–120 min across studies. Thus, CGRP is a key physiological regulator of vascular tone, and intravenous infusion of h-α-CGRP caused a universal vasodilation and was well-tolerated with no serious AEs. Whether long-term blockade of CGRP in patients with migraine could cause cardiovascular complications or ischaemic events is yet to be clarified.



Author contributions

MA-K and FA initiated and contributed to study design, data acquisition, data processing, analysis, and interpretation, and drafting and revision of the paper. VK and PF contributed to data acquisition, data processing, analysis, interpretation, and drafting of the paper. All authors approved the submitted version.



Conflict of interest

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



Publisher’s note

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



References

 1. Russell, FA, King, R, Smillie, SJ, Kodji, X, and Brain, SD. Calcitonin gene-related peptide: physiology and pathophysiology. Physiol Rev. (2014) 94:1099–142. doi: 10.1152/physrev.00034.2013 

 2. Amara, SG, Jonas, V, Rosenfeld, MG, Ong, ES, and Evans, RM. Alternative RNA processing in calcitonin gene expression generates mRNAs encoding different polypeptide products. Nature. (1982) 298:240–4. doi: 10.1038/298240a0 

 3. Amara, SG, Arriza, JL, Leff, SE, Swanson, LW, Evans, RM, and Rosenfeld, MG. Expression in brain of a messenger RNA encoding a novel neuropeptide homologous to calcitonin gene-related peptide. Science. (1985) 229:1094–7. doi: 10.1126/science.2994212 

 4. Gibson, SJ, Polak, JM, Bloom, SR, Sabate, IM, Mulderry, PM, Ghatei, MA , et al. Calcitonin gene-related peptide immunoreactivity in the spinal cord of man and of eight other species. J Neurosci. (1984) 4:3101–11. doi: 10.1523/JNEUROSCI.04-12-03101.1984 

 5. Argunhan, F, Thapa, D, Aubdool, AA, Carlini, E, Arkless, K, Hendrikse, ER , et al. Calcitonin gene-related peptide protects against cardiovascular dysfunction independently of nitric oxide in vivo. Hypertension. (2021) 77:1178–90. doi: 10.1161/hypertensionaha.120.14851 

 6. Gray, DW, and Marshall, I. Human alpha-calcitonin gene-related peptide stimulates adenylate cyclase and guanylate cyclase and relaxes rat thoracic aorta by releasing nitric oxide. Br J Pharmacol. (1992) 107:691–6. doi: 10.1111/j.1476-5381.1992.tb14508.x 

 7. Clark, AJ, Mullooly, N, Safitri, D, Harris, M, de Vries, T, MaassenVanDenBrink, A , et al. CGRP, adrenomedullin and adrenomedullin 2 display endogenous GPCR agonist bias in primary human cardiovascular cells. Commun Biol. (2021) 4:776. doi: 10.1038/s42003-021-02293-w 

 8. Supowit, SC, Zhao, H, Wang, DH, and DiPette, DJ. Regulation of neuronal calcitonin gene-related peptide expression. Role of increased blood pressure. Hypertension. (1995) 26:1177–80. doi: 10.1161/01.HYP.26.6.1177 

 9. Li, J, and Wang, DH. Development of angiotensin II-induced hypertension: role of CGRP and its receptor. J Hypertens. (2005) 23:113–8. doi: 10.1097/00004872-200501000-00020

 10. Aubdool, AA, Thakore, P, Argunhan, F, Smillie, SJ, Schnelle, M, Srivastava, S , et al. A novel alpha-calcitonin gene-related peptide analogue protects against end-organ damage in experimental hypertension, cardiac hypertrophy, and heart failure. Circulation. (2017) 136:367–83. doi: 10.1161/CIRCULATIONAHA.117.028388 

 11. Lassen, LH, Haderslev, PA, Jacobsen, VB, Iversen, HK, Sperling, B, and Olesen, J. CGRP may play a causative role in migraine. Cephalalgia. (2002) 22:54–61. doi: 10.1046/j.1468-2982.2002.00310.x

 12. Hansen, JM, Hauge, AW, Olesen, J, and Ashina, M. Calcitonin gene-related peptide triggers migraine-like attacks in patients with migraine with aura. Cephalalgia. (2010) 30:1179–86. doi: 10.1177/0333102410368444 

 13. Charles, A, and Pozo-Rosich, P. Targeting calcitonin gene-related peptide: a new era in migraine therapy. Lancet. (2019) 394:1765–74. doi: 10.1016/S0140-6736(19)32504-8 

 14. Page, MJ, McKenzie, JE, Bossuyt, PM, Boutron, I, Hoffmann, TC, Mulrow, CD , et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ. (2021) 372:n71. doi: 10.1136/bmj.n71

 15. Hansen, JM, Thomsen, LL, Olesen, J, and Ashina, M. Calcitonin gene-related peptide does not cause the familial hemiplegic migraine phenotype. Neurology. (2008) 71:841–7. doi: 10.1212/01.wnl.0000325482.64106.3f

 16. Lassen, LH, Jacobsen, VB, Haderslev, PA, Sperling, B, Iversen, HK, Olesen, J , et al. Involvement of calcitonin gene-related peptide in migraine: regional cerebral blood flow and blood flow velocity in migraine patients. J Headache Pain. (2008) 9:151–7. doi: 10.1007/s10194-008-0036-8 

 17. Guo, S, Christensen, AF, Liu, ML, Janjooa, BN, Olesen, J, and Ashina, M. Calcitonin gene-related peptide induced migraine attacks in patients with and without familial aggregation of migraine. Cephalalgia. (2017) 37:114–24. doi: 10.1177/0333102416639512 

 18. Christensen, CE, Younis, S, Deen, M, Khan, S, Ghanizada, H, and Ashina, M. Migraine induction with calcitonin gene-related peptide in patients from erenumab trials. J Headache Pain. (2018) 19:105. doi: 10.1186/s10194-018-0927-2 

 19. Visocnik, D, Žvan, B, Zaletel, M, and Zupan, M. alphaCGRP-induced changes in cerebral and systemic circulation; a TCD study. Front Neurol. (2020) 11:578103. doi: 10.3389/fneur.2020.578103 

 20. Iljazi, A, Ashina, H, Zhuang, ZA, Lopez Lopez, C, Snellman, J, Ashina, M , et al. Hypersensitivity to calcitonin gene-related peptide in chronic migraine. Cephalalgia. (2021) 41:701–10. doi: 10.1177/0333102420981666 

 21. Zupan, M, Zaletel, M, Visočnik, D, and Žvan, B. Calcitonin gene-related peptide-induced hemodynamic changes in migraine with and without aura. Acta Neurol Scand. (2021) 144:616–22. doi: 10.1111/ane.13495 

 22. Coskun, H, Elbahi, FA, al-Karagholi, MAM, Ghanizada, H, Sheykhzade, M, and Ashina, M. The effect of K (ATP) channel blocker Glibenclamide on CGRP-induced headache and hemodynamic in healthy volunteers. Front Physiol. (2021) 12:652136. doi: 10.3389/fphys.2021.652136 

 23. Hansen, JM, Thomsen, LL, Olesen, J, and Ashina, M. Calcitonin gene-related peptide does not cause migraine attacks in patients with familial hemiplegic migraine. Headache. (2011) 51:544–53. doi: 10.1111/j.1526-4610.2011.01861.x 

 24. Kraenzlin, ME, Ch'ng, JLC, Mulderry, PK, Ghatei, MA, and Bloom, SR. Infusion of a novel peptide, calcitonin gene-related peptide (CGRP) in man. Pharmacokinetics and effects on gastric acid secretion and on gastrointestinal hormones. Regul Pept. (1985) 10:189–97. doi: 10.1016/0167-0115(85)90013-8 

 25. Gangula, PR, Zhao, H, Supowit, SC, Wimalawansa, SJ, Dipette, DJ, Westlund, KN , et al. Increased blood pressure in alpha-calcitonin gene-related peptide/calcitonin gene knockout mice. Hypertension. (2000) 35:470–5. doi: 10.1161/01.HYP.35.1.470

 26. Oh-hashi, Y, Shindo, T, Kurihara, Y, Imai, T, Wang, Y, Morita, H , et al. Elevated sympathetic nervous activity in mice deficient in alphaCGRP. Circ Res. (2001) 89:983–90. doi: 10.1161/hh2301.100812 

 27. Li, J, Zhao, H, Supowit, SC, DiPette, DJ, and Wang, DH. Activation of the renin-angiotensin system in alpha-calcitonin gene-related peptide/calcitonin gene knockout mice. J Hypertens. (2004) 22:1345–9. doi: 10.1097/01.hjh.0000125409.50839.f1

 28. Mai, TH, Wu, J, Diedrich, A, Garland, EM, and Robertson, D. Calcitonin gene-related peptide (CGRP) in autonomic cardiovascular regulation and vascular structure. J Am Soc Hypertens. (2014) 8:286–96. doi: 10.1016/j.jash.2014.03.001 

 29. Tsujikawa, K, Yayama, K, Hayashi, T, Matsushita, H, Yamaguchi, T, Shigeno, T , et al. Hypertension and dysregulated proinflammatory cytokine production in receptor activity-modifying protein 1-deficient mice. Proc Natl Acad Sci U S A. (2007) 104:16702–7. doi: 10.1073/pnas.0705974104 

 30. Smillie, SJ, King, R, Kodji, X, Outzen, E, Pozsgai, G, Fernandes, E , et al. An ongoing role of alpha-calcitonin gene-related peptide as part of a protective network against hypertension, vascular hypertrophy, and oxidative stress. Hypertension. (2014) 63:1056–62. doi: 10.1161/HYPERTENSIONAHA.113.02517 

 31. Sabharwal, R, Zhang, Z, Lu, Y, Abboud, FM, Russo, AF, and Chapleau, MW. Receptor activity-modifying protein 1 increases baroreflex sensitivity and attenuates angiotensin-induced hypertension. Hypertension. (2010) 55:627–35. doi: 10.1161/HYPERTENSIONAHA.109.148171 

 32. Sabharwal, R, Mason, BN, Kuburas, A, Abboud, FM, Russo, AF, and Chapleau, MW. Increased receptor activity-modifying protein 1 in the nervous system is sufficient to protect against autonomic dysregulation and hypertension. J Cereb Blood Flow Metab. (2019) 39:690–703. doi: 10.1177/0271678X17751352 

 33. Mulder, IA, Li, M, Vries, T, Qin, T, Yanagisawa, T, Sugimoto, K , et al. Anti-migraine calcitonin gene-related peptide receptor antagonists worsen cerebral ischemic outcome in mice. Ann Neurol. (2020) 88:771–84. doi: 10.1002/ana.25831 

 34. Ashina, M, Hansen, JM, do, TP, Melo-Carrillo, A, Burstein, R, and Moskowitz, MA. Migraine and the trigeminovascular system-40 years and counting. Lancet Neurol. (2019) 18:795–804. doi: 10.1016/S1474-4422(19)30185-1 

 35. Al-Hassany, L, Goadsby, PJ, AHJ, D, and MaassenVanDenBrink, A. Calcitonin gene-related peptide-targeting drugs for migraine: how pharmacology might inform treatment decisions. Lancet Neurol. (2022) 21:284–94. doi: 10.1016/S1474-4422(21)00409-9 

 36. Humphrey, PP. The discovery and development of the triptans, a major therapeutic breakthrough. Headache. (2008) 48:685–7. doi: 10.1111/j.1526-4610.2008.01097.x

 37. Roberto, G, Raschi, E, Piccinni, C, Conti, V, Vignatelli, L, D’Alessandro, R , et al. Adverse cardiovascular events associated with triptans and ergotamines for treatment of migraine: systematic review of observational studies. Cephalalgia. (2015) 35:118–31. doi: 10.1177/0333102414550416 

 38. Dodick, D, Lipton, RB, Martin, V, Papademetriou, V, Rosamond, W, MaassenVanDenBrink, A , et al. Consensus statement: cardiovascular safety profile of triptans (5-HT agonists) in the acute treatment of migraine. Headache. (2004) 44:414–25. doi: 10.1111/j.1526-4610.2004.04078.x

 39. Schjerning, AM, McGettigan, P, and Gislason, G. Cardiovascular effects and safety of (non-aspirin) NSAIDs. Nat Rev Cardiol. (2020) 17:574–84. doi: 10.1038/s41569-020-0366-z 

 40. Goadsby, PJ, Wietecha, LA, Dennehy, EB, Kuca, B, Case, MG, Aurora, SK , et al. Phase 3 randomized, placebo-controlled, double-blind study of lasmiditan for acute treatment of migraine. Brain. (2019) 142:1894–904. doi: 10.1093/brain/awz134 

 41. Pearlman, EM, Wilbraham, D, Dennehy, EB, Berg, PH, Tsai, M, Doty, EG , et al. Effects of lasmiditan on simulated driving performance: results of two randomized, blinded, crossover studies with placebo and active controls. Hum Psychopharmacol. (2020) 35:e2732. doi: 10.1002/hup.2732 

 42. Moreno-Ajona, D, Perez-Rodriguez, A, and Goadsby, PJ. Gepants, calcitonin-gene-related peptide receptor antagonists: what could be their role in migraine treatment? Curr Opin Neurol. (2020) 33:309–15. doi: 10.1097/WCO.0000000000000806

 43. Walker, CS, Eftekhari, S, Bower, RL, Wilderman, A, Insel, PA, Edvinsson, L , et al. A second trigeminal CGRP receptor: function and expression of the AMY1 receptor. Ann Clin Transl Neurol. (2015) 2:595–608. doi: 10.1002/acn3.197 

 44. Hargreaves, R, and Olesen, J. Calcitonin gene-related peptide modulators – the history and renaissance of a new migraine drug class. Headache. (2019) 59:951–70. doi: 10.1111/head.13510 

 45. Goadsby, PJ, Dodick, DW, Ailani, J, Trugman, JM, Finnegan, M, Lu, K , et al. Safety, tolerability, and efficacy of orally administered atogepant for the prevention of episodic migraine in adults: a double-blind, randomised phase 2b/3 trial. Lancet Neurol. (2020) 19:727–37. doi: 10.1016/S1474-4422(20)30234-9 

 46. Marcus, R, Goadsby, PJ, Dodick, D, Stock, D, Manos, G, and Fischer, TZ. BMS-927711 for the acute treatment of migraine: a double-blind, randomized, placebo controlled, dose-ranging trial. Cephalalgia. (2014) 34:114–25. doi: 10.1177/0333102413500727 

 47. Hutchinson, S, Silberstein, SD, Blumenfeld, AM, Lipton, RB, Lu, K, Yu, SY , et al. Safety and efficacy of ubrogepant in participants with major cardiovascular risk factors in two single-attack phase 3 randomized trials: ACHIEVE I and II. Cephalalgia. (2021) 41:979–90. doi: 10.1177/03331024211000311 

 48. Jakate, A, Boinpally, R, Butler, M, Lu, K, McGeeney, D, and Periclou, A. Single therapeutic and Supratherapeutic doses of Ubrogepant do not affect cardiac repolarization in healthy adults: results from a randomized trial. Clin Pharmacol Ther. (2020) 107:1014–22. doi: 10.1002/cpt.1696 

 49. Ailani, J, Lipton, RB, Hutchinson, S, Knievel, K, Lu, K, Butler, M , et al. Long-term safety evaluation of Ubrogepant for the acute treatment of migraine: phase 3, randomized, 52-week extension trial. Headache. (2020) 60:141–52. doi: 10.1111/head.13682 

 50. MaassenVanDenBrink, A, Meijer, J, Villalón, CM, and Ferrari, MD. Wiping out CGRP: potential cardiovascular risks. Trends Pharmacol Sci. (2016) 37:779–88. doi: 10.1016/j.tips.2016.06.002 

 51. Taylor, FR. CGRP, amylin, immunology, and headache medicine. Headache. (2019) 59:131–50. doi: 10.1111/head.13432 

 52. de Hoon, J, van Hecken, A, Vandermeulen, C, Yan, L, Smith, B, Chen, JS , et al. Phase I, randomized, double-blind, placebo-controlled, single-dose, and multiple-dose studies of Erenumab in healthy subjects and patients with migraine. Clin Pharmacol Ther. (2018) 103:815–25. doi: 10.1002/cpt.799 

 53. Ghanizada, H, al-Karagholi, MAM, Walker, CS, Arngrim, N, Rees, T, Petersen, J , et al. Amylin analog Pramlintide induces migraine-like attacks in patients. Ann Neurol. (2021) 89:1157–71. doi: 10.1002/ana.26072 

 54. European Headache Federation School of Advanced Studies (EHF-SAS)Favoni, V, Giani, L, al-Hassany, L, Asioli, GM, Butera, C , et al. CGRP and migraine from a cardiovascular point of view: what do we expect from blocking CGRP? J Headache Pain. (2019) 20:27. doi: 10.1186/s10194-019-0979-y 

 55. Kee, Z, Kodji, X, and Brain, SD. The role of calcitonin gene related peptide (CGRP) in neurogenic vasodilation and its Cardioprotective effects. Front Physiol. (2018) 9:1249. doi: 10.3389/fphys.2018.01249 

 56. Tepper, SJ. CGRP and headache: a brief review. Neurol Sci. (2019) 40:99–105. doi: 10.1007/s10072-019-03769-8 

 57. Diener, HC. CGRP-targeted drugs for migraine: still many uncertainties. Lancet Neurol. (2022) 21:209–10. doi: 10.1016/S1474-4422(21)00468-3 

 58. Al-Hassany, L, and Van Den Brink, AM. Targeting CGRP in migraine: a matter of choice and dose. Lancet Neurol. (2020) 19:712–3. doi: 10.1016/S1474-4422(20)30282-9 

 59. Saely, S, Croteau, D, Jawidzik, L, Brinker, A, and Kortepeter, C. Hypertension: a new safety risk for patients treated with erenumab. Headache. (2021) 61:202–8. doi: 10.1111/head.14051 

 60. de Vries Lentsch, S, van der Arend, B, Maassen VanDenBrink, A, and Terwindt, GM. Blood pressure in patients with migraine treated with monoclonal anti-CGRP (receptor) antibodies: a prospective follow-up study. Neurology. (2022) 99:e1897–904. doi: 10.1212/WNL.0000000000201008 

 61. Dodick, DW, Tepper, SJ, Ailani, J, Pannacciulli, N, Navetta, MS, Loop, B , et al. Risk of hypertension in erenumab-treated patients with migraine: analyses of clinical trial and postmarketing data. Headache. (2021) 61:1411–20. doi: 10.1111/head.14208 

 62. Ashina, M, Goadsby, PJ, Reuter, U, Silberstein, S, Dodick, DW, Xue, F , et al. Long-term efficacy and safety of erenumab in migraine prevention: results from a 5-year, open-label treatment phase of a randomized clinical trial. Eur J Neurol. (2021) 28:1716–25. doi: 10.1111/ene.14715 



OPS/images/fneur-14-1204734-t002.jpg
Population Age M:F Infusion (pg/ Headache  Migraine- Aura

(years) min; min) like
headache

Lassen etal.

— Migraine without aura 12 395 111 H-a-CGRP (2.0; 20) 99 3/9 - 309
FHM with known
Hansen etal. 9 38 27 H-a-CGRP (1.5:20) - 29 o9 =
mutations
5)
Healthy volunteers 10 32 6:4 H-a-CGRP (1.5:20) - 110 o010 -
Migraine with aura 14 43 68 H-a-CGRP (1.5:20) 12114 8/14 a4 214
Hansen et al. FHM without known
1 43 38 H-a-CGRP (1.5;20) s/ i - 1
(12,23)% mutations
Healthy volunteers 1 36 74 H-a-CGRP (1.5:20) 7m o - 11
Guoetal.(17)  Migraine without aura 40 455 436 H-a-CGRP (1.5;20) - 24139 - 17/39

Chronic and episodic
migraineurs with/ 13 39 112 H-a-CGRP (1.5; 20) - 10/13 - 10/13

without aura

Christensen
etal. (1)

Visocnik etal.

0 Healthy volunteers 2 39 o H-a-CGRP (1.5; 20) - - - -
Chronic migraine with
38 ) 434 H-o-CGRP (1.5;20) - 35/38 - -
current headache
Tljazi etal. (20)  Chronic migraine
without current 0 3 218 H-o-CGRP (1.5;20) - 13/20 - -
headache
Coskun etal.
o, Healthy volunteers 2 2 9:11 H-o-CGRP (1.5;20) 1920 220 - 1720
Zupan etal. Migraine without aura 15 0 510 nns s
H-a-CGRP (1.5; 20) - -
en Migraine with aura 5 40 0:5 5/5 s

*, same population; M, male; F female; RM, rescue medication; CGRE, clcit

‘gene-related peptide; -, not reported.





OPS/images/fneur-14-1204734-t003.jpg
uthor (year)  Flushing STA dilation EndTidal

pCo2

Lassen etal. (11, 1010 - 1010 +58.1% (>80min) ~13.5% (75 min) - ~6.8% (NR)
16)*
Hansen etal. (15) - - ~ Increase, not specified - ~9.6% (>30min)  428% (>120min) -

- - - Increase, not specified - ~9.6% (>20min) | 425% (>120min) -
Hansen etal. (12, 1314 814 1314 4257%(60min) | —6.8% (>30min) - - -
2y i e um +29.4% (>60min)  =6.7% (>60min) - - -

- - - +138% (>60min) | ~10.0% (>60min) - - -
Guoetal. (17) 39739 39 37139 - - - - -
Christensen et al. 1313 513 133 - - - - -
(18)
Visocnik etal. (19) - - - Increase,not specified | Decrease, not Decrease, not - Decrease, not

specified specified specified

Tjazi et al. (20) 57158 4558 56/58 +49% (>60min) | —12.3% (>50min) - - -
Coskun etal. (22) 20120 1720 2020 +30% (>120min) ~9% (>30min)  ~21%(>30min) ~ 41%(>120min)  Nochange
Coskun etal. (22) - - B +1898% (40min) | +1105% (>40min)  ~9.47% (>40min) - ~2.66% (>40min)

*, same population; -, not specified; Yes/No, significant change; HB, heartbeat (palpitation); H, heat; HR, heart rate; MAP, mean arterial pressure; Vyycy, mean velocity middle cerebral artery:
(min), duration; pCO2, partial pressure of CO2.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The vascular role of CGRP: a systematic review of human studies



		1. Introduction



		2. Methods



		2.1. Data sources



		2.2. Selection criteria, study inclusion, and data extraction









		3. Results



		4. Discussion



		4.1. Targeting CGRP pathway









		5. Limitations and strengths



		6. Conclusion



		Author contributions



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fneur-14-1204734-g001.jpg
Records removed before
= sclssniqg
T Records identified from: Duplicate records remaved
£ Pubmed (n = 201) by authors (n =12)
B Embase (n = 277) Duplicate records removed
§ by automation tacls (n = 80)
= Records removed for other
reasons (n =0)
_ :
Records screened
(n=386)
Records sought for retrieval Records not retrieved
= (n=0) (n=0)
—
o
Records assessed for eligibility Records ::“::fﬁén of hCGRP
(n = 386) (n=101)
Anti-CGRP study (n =
71)
Animal studies (n = 67)
Reviews (n = 67)
Duplets/Conference (n
=17)
Infusion > 20 min (n =
° 17)
'§ Records included in review Incremental infusion (n
E, (n=11) =18)

Including other drugs (n
=9)

Belus injection (n = 1)
Exercise dependent (n
=1)






OPS/images/fneur-14-1204734-t001.jpg
thor (year) Populatiol

Lassenetal. (11, 16)* | Migraine without aura

FHM with known mutations
Hansen etal. (15)
Healthy volunteers

Migraine with aura

Hansen etal. (12,

23)
FHM

mutat

Healthy volunteers

Guoetal. (17) Migraine without aura

Chronic and episodic
Christensen et al.

migraineurs with/without
a8)

aura

Visocnik etal. (19)  Healthy volunteers
Chronic migraine with
current headache

Tljazi etal. (20)
Chronic migraine without

current headache

Coskun etal. (22) Healthy volunteers

Migraine without aura

Zupanetal. (21)
Migraine with aura

*, same population; CGRP, calcitonin gene-related peptide; FHIM, familiar hemiplegic migr

Study design

Double-blind, placebo-

controlled crossover.

Balancer, controller, single-
blinded

Non-randomized, balanced,

controlled, single-blinded

Non-randomized, balanced,

controlled

Randomized, balanced,
double-blinded

Double-blind, placebo-

controlled crossover.

Non-randomized, non-
blinded

Non-randomized, single-

arm, open-label study

A randomized, double-blind,
placebo-controlled, cross-

over study

Non-randomized, non-
blinded

Hypothesis/purpose

2002: To elucidate the role of CGRP in
known migraineurs. 2008: To investigate
the cerebral hemodynamic effects of

CGRP in known migraineurs.

‘The FHIM genotype confers a CGRP

hypersensitivity phenotype.

Examining the migr

ne inducing effect
of CGRP in patients with migraine with

aura.

Examining the migraine inducing effect
of CGRP in FHM patients without

known mutations
A control group.

Migraineurs with a high family load of
‘migraine would report more migraine
attacks afier CGRP infusion vs. low
family load

To explore a possible association
between individual efficacy of anti-
CGRP treatment and susceptibility of

‘migraine induction of CGRE.

Intravenous CGRP may have a
significant vascular effect on both MCA
and PCA and on systemic circulation.
“To investigate whether CGRP infusion
induces headache in patients suffering
from chronic migraine, not having/
having headache on the experimental

day.

To investigate whether pretreatment
with glibenclamide or placebo inhibits
CGRP induced

‘The cerebral hemodynamic response to
CGRP infusion differs between MO and
MA, reflecting a different degree of

trigeminovascular sensitization,

M,

2002: CGRP induces headache in
virtually all migraineurs. 2008: CGRP
appears o dilate cerebral arteries, but
the effect is unlikely to be the sole
mechanism of CGRP-induced

headache.

The FHM genotype does not show
hypersensitivity to the CGRP-pathway.

CGRP triggers migraine in patients
with migraine with aura, indicating a
similar pathway for migraineurs with/

without aura

No difference was found between the

two groups.

No statistical association of familial

aggregation.

Patients with previous effect of
Erenumab are highly susceptible to
CGRP-induced migraine-like

headache.

CGRP induces changes in cerebral and
systemic circulation in healthy

volunteers

CM patients are hypersensitive to
CGR. The potency of CGRP is
increased in chronic migraineurs with

ongoing headache.

Pretreatment with a non-selective Kyrp
channel inhibitor glibenclamide did
not attenuate CGRP-induced
headache and hemodynamic changes

in healthy volunteers.

‘The cerebral hemodymanics differs
between MO and MA, indicating a
pronounced vasodilation and
trigeminovascular sensitization in
MA.

chronic migraine; MO, migraine without aura; MA, migraine with aura.





OPS/images/cover.jpg
' frontiers | Frontiers in Neurology

The vascular role of CGRP: a
systematic review of human
studies












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
¥ frontiers = Frontiers in Neurology






