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Abstract: Multiple drugs targeting the calcitonin gene-related peptide (CGRP) receptor have been
developed for the treatment of migraine. Here, the effect of the small-molecule CGRP receptor
antagonist zavegepant (0.1 nM–1 µM) on CGRP-induced relaxation in isolated human coronary
arteries (HCAs) was investigated. A Schild plot was constructed and a pA2 value was calculated to
determine the potency of zavegepant. The potency and Schild plot slopes of atogepant, olcegepant,
rimegepant, telcagepant, ubrogepant and zavegepant in HCAs and human middle meningeal arteries
(HMMAs), obtained from our earlier studies, were compared. Zavegepant shifted the concentration–
response curve to CGRP in HCAs. The corresponding Schild plot slope was not different from unity,
resulting in a pA2 value of 9.92 ± 0.24. No potency difference between HCAs and HMMAs was
observed. Interestingly, olcegepant, atogepant and rimegepant, with a Schild plot slope < 1 in HCAs,
were all >1 log unit more potent in HMMAs than in HCAs, while telcagepant, ubrogepant and
zavegepant, with a Schild plot slope not different from unity, showed similar (<1 log difference)
potency across both tissues. As a Schild plot slope < 1 may point to the involvement of multiple
receptors, it is important to further identify the receptors involved in the relaxation to CGRP in HCAs,
which may be used to improve the cardiovascular safety of future antimigraine drugs.
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1. Introduction

Calcitonin gene-related peptide (CGRP) is a 37-amino acid neuropeptide and potent
vasodilator. Under physiological circumstances, CGRP does not have a primary role in the
regulation of blood pressure [1]. However, it can induce vasodilation during hypertension
or ischemia, thereby increasing blood flow to organs [1,2]. Moreover, CGRP is involved in
the pathophysiology of migraine. During a migraine attack, the trigeminovascular system
is activated, resulting in the release of CGRP and subsequent activation of nociceptors,
followed by the perception of pain [3,4]. CGRP levels were shown to increase during
migraine headache, and infusion of CGRP in migraine patients induces migraine-like
attacks [5–8].

CGRP exerts its effects by binding to the canonical CGRP receptor, consisting of a
single-transmembrane protein called receptor activity modifying protein 1 (RAMP1) cou-
pled to a seven-transmembrane G protein-coupled receptor called calcitonin receptor-like
receptor (CLR) and intracellular receptor component protein (RCP). The CGRP receptor is
part of a larger family of receptors consisting of combinations of similar subunits (i.e., calci-
tonin receptor [CTR], RAMP2, RAMP3) [9]. Due to the similarities in receptor composition
of the receptors within this family, multiple receptors can be activated by the same ligand,
albeit with different potencies. Therefore, CGRP can not only potently activate the canoni-
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cal CGRP receptor (CLR/RAMP1) but also the AMY1 receptor (CTR/RAMP1), and may
additionally exert effects at the other receptors within this family at high concentrations [9].

For the acute treatment and prevention of migraine, multiple drugs have been de-
veloped that antagonize the CGRP receptor. The drug class of small-molecule CGRP
receptor antagonists is called gepants. Clinical trials showed that they were effective for
the treatment of migraine [10–13]. However, the development of the first generation of
gepants was halted. Olcegepant was designed as an intravenous formulation, which was
suboptimal for the treatment of migraine in an outpatient setting. Subsequent gepants were
designed for oral use (telcagepant, rimegepant, atogepant, ubrogepant) or as intranasal
spray (zavegepant). For telcagepant, development was discontinued due to concerns
about hepatotoxicity, since elevated aminotransferases were found in some of the pa-
tients [14]. Fortunately, the newer gepants did not show alterations in liver enzymes and
were approved for clinical use for the acute and/or prophylactic treatment of migraine [15].
Head-to-head comparison trials with different gepants have not been performed, making it
difficult to draw reliable conclusions about which gepant is the most effective. However,
the efficacy and tolerability results from clinical trials show more or less similar outcomes
for the different gepants [11,16].

Over the years, the potency of all aforementioned gepants was determined in different
vascular tissues in preclinical studies performed in our lab [17–23]. The current study
investigated the potency of the most recently developed gepant, zavegepant, in human
coronary arteries, and the results are compared to previous results from other gepants in
both human coronary arteries and human middle meningeal arteries.

2. Results
2.1. Potency of Zavegepant in Human Coronary Arteries

The effect of different concentrations of zavegepant on CGRP-induced relaxation
of human coronary arteries was investigated. Vessel segments were incubated with or
without 0.1 nM, 1 nM, 10 nM, 100 nM or 1 µM zavegepant. A concentration-dependent shift
in the concentration–response curve to CGRP was observed (pEC50 control 9.01 ± 0.09,
0.1 nM 9.16 ± 0.14, 1 nM 8.18 ± 0.16, 10 nM 6.98 ± 0.13, 100 nM 5.96 ± 0.51 and 1 µM
5.31 ± 0.51; Figure 1). Moreover, the maximum relaxation to CGRP (Emax) was not affected
by zavegepant, although higher concentrations of CGRP are necessary to confirm this for
concentrations of zavegepant above 10 nM, since a plateau of maximum relaxation was not
reached for higher concentrations of zavegepant. The pEC50 values of the concentration–
response curves were used to calculate a ratio for each concentration of zavegepant versus
the control curve. Subsequently, a Schild plot was constructed. For the human coronary
artery, the slope of the Schild plot was not different from unity (0.93 ± 0.26). Therefore, a
pA2 value could be calculated as an estimate of the potency of zavegepant in this tissue
(pA2: 9.92 ± 0.24).

2.2. Potency of All Gepants in Human Coronary Arteries and Human Middle Meningeal Arteries

Comparable experiments using human coronary arteries and human middle meningeal
arteries have been performed in our lab in the past using other drugs targeting the CGRP
receptor, specifically, atogepant, olcegepant, rimegepant, telcagepant and ubrogepant. In
this study, all previously obtained results are compared with our current findings on za-
vegepant and the potency of zavegepant in human middle meningeal arteries (Table 1,
Figure 2).



Pharmaceuticals 2023, 16, 1075 3 of 10

Table 1. Overview of the potency of different gepants targeting the CGRP receptor in human
coronary arteries and human middle meningeal arteries and potency difference between the two
vascular beds. * As potency differences between tissues became apparent at higher antagonist
concentrations and the determination of antagonist potency was more reliable at higher antagonist
concentrations, due to smaller effects of variability in data on the calculated dose ratios, pKb values
obtained with 1 nM were not used for the comparison between human coronary arteries and human
middle meningeal arteries. ** Calculated based on reported pEC50 values; results might be less
accurate as the concentration–response curves did not reach a plateau. HCA: human coronary artery,
HMMA: human middle meningeal artery.

HCA HMMA Potency Difference

Olcegepant [17,18]
pKb 1 nM *: 9.56 ± 0.22
pKb 10 nM: 9.33 ± 0.25
pKb 100 nM: 9.13 ± 0.17

pA2: 10.59 ± 0.54
10.7× more potent in HMMA
18.2× more potent in HMMA
28.8× more potent in HMMA

Telcagepant [19,20] pA2: 8.43 ± 0.24 pKb 1 µM: 8.03 ± 0.16 2.5× more potent in HCA

Atogepant [21]
pKb 10 nM: 9.42 ± 0.22
pKb 100 nM: 9.11 ± 0.34
pKb 1 µM: 8.64 ± 0.21

pKb 10 nM: 10.96 **
34.7× more potent in HMMA
70.8× more potent in HMMA
208.9× more potent in HMMA

Ubrogepant [21] pA2: 8.86 ± 0.39 pKb 10 nM: 9.70 ** 6.9× more potent in HMMA

Rimegepant [22]

pKb 1 nM *: 9.74 ± 0.05
pKb 10 nM: 9.25 ± 0.15
pKb 100 nM: 8.71 ± 0.16
pKb 1 µM: 8.43 ± 0.25

pA2: 10.02 ± 0.33

1.9× more potent in HMMA
5.9× more potent in HMMA
20.4× more potent in HMMA
38.9× more potent in HMMA

Zavegepant
Figure 1 of [23] pA2: 9.92 ± 0.24 pKb 10 nM: 10.02 ± 0.07 1.3× more potent in HMMAPharmaceuticals 2023, 16, x FOR PEER REVIEW 3 of 11 
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Figure 1. The effect of different concentrations of zavegepant on CGRP-induced relaxation of
isolated human coronary arteries. (A) Concentration–response curve to CGRP in the presence or
absence of 0.1 nM, 1 nM, 10 nM, 100 nM or 1 µM zavegepant. (B) The corresponding Schild plot.
Data are expressed as mean ± SEM.
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Figure 2. Potency difference of gepants targeting the CGRP receptor in the human middle
meningeal artery versus the human coronary artery. All known pA2 values and pKb values of
drugs in the range of 10 nM to 1 µM are used in this graph. Data are expressed as median and range
from min to max.

Since the slope of the Schild plot can give information about the interaction between
an antagonist and the receptor(s) it binds to, these data were extracted from previous
studies. For some of the gepants, the Schild plot constructed from the data of the human
coronary arteries had a slope less than unity. This was the case for atogepant, olcegepant
and rimegepant [17,21,22]. For telcagepant, ubrogepant and zavegepant, the Schild plot
slope did not differ from unity in human coronary arteries [19,21]. Interestingly, in contrast
to the results from human coronary arteries, the Schild plot slope of the data obtained
in human middle meningeal arteries for olcegepant and rimegepant did not differ from
unity [18,22]. For atogepant, telcagepant, ubrogepant and zavegepant, not enough data are
available to draw a conclusion on the slope of the Schild plot in human middle meningeal
arteries. Remarkably, atogepant, olcegepant and rimegepant, with a Schild plot slope < 1 in
the human coronary artery, were all >1 log unit more potent in human middle meningeal
arteries than in human coronary arteries, with the difference becoming more apparent
at higher concentrations of antagonist, while telcagepant, ubrogepant and zavegepant
showed similar (<1 log difference) potency in both vascular beds.

3. Discussion

Zavegepant inhibited the concentration–response curve to CGRP in human coro-
nary arteries in a concentration-dependent matter, as was observed previously for other
gepants [17,19,21,22]. The corresponding Schild plot had a slope not different from unity,
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suggesting that increasing the dose by a certain factor results in an equally increased inhibi-
tion of CGRP-induced relaxation, consistent with simple competitive antagonism [24].

Subsequently, the potency of blocking the vasodilation response to CGRP in two dif-
ferent vascular beds was compared for different drugs that act as antagonists for the CGRP
receptor, i.e., atogepant, olcegepant, rimegepant, telcagepant, ubrogepant and zavegepant.
As we investigated basic pharmacological mechanisms in our study, we did not exclude
gepants that have not reached the market for clinical use (olcegepant and telcagepant) from
our analyses. For each of the CGRP receptor-inhibiting drugs, a Schild plot was constructed
based on the data obtained for human coronary arteries and human middle meningeal
arteries. A Schild plot can be used as a pharmacological tool to enhance comprehension
of the interaction between a receptor antagonist and the receptor(s) it binds to. In human
middle meningeal arteries, the slope of the Schild plot did not differ from unity for the
gepants for which this was determined, i.e., olcegepant and rimegepant. When looking
at the Schild plot slopes in human coronary arteries, the gepants can be divided into two
subgroups. The first subgroup consists of telcagepant, ubrogepant and zavegepant, for
which the Schild plot slope in human coronary arteries did not differ from unity. For
the second subgroup, consisting of atogepant, olcegepant and rimegepant, the slope was
significantly different from unity.

Multiple explanations for a slope different from unity exist. First, it could suggest a
noncompetitive type of antagonism [24]. However, in the case of noncompetitive antago-
nism, a decrease in maximum response would be expected. In the experiments with the
gepants with a slope less than 1, i.e., atogepant, olcegepant and rimegepant, a decrease
in Emax was not observed [17,21,22], although it cannot be completely ruled out that the
Emax decreases for the highest concentrations of gepant used, since maximum relaxation
was not reached. According to the induced-fit model described by Vauquelin et al., ini-
tial reversible and unstable binding of an antagonist to a receptor could be succeeded by
the formation of a more stable antagonist–receptor complex, resulting in (partial) insur-
mountable inhibition [25]. This theory suggests that the type of receptor antagonism can
change from surmountable to partially or even fully insurmountable. A rightward shift
induced by increasing concentrations of gepant combined with a decrease in Emax would
fit with partially insurmountable antagonism. While theoretically, future experiments
could further investigate whether the Emax is indeed affected by high concentrations of
atogepant, olcegepant or rimegepant, it should be kept in mind that agonism induced by
CGRP would most probably lose its selectivity at concentrations in the millimolar range.
Moreover, this theory does not explain the differences between Schild plot slopes in human
coronary arteries versus middle meningeal arteries for olcegepant and rimegepant. A
second explanation for a Schild plot slope different from 1 could be a hemi-equilibrium
of experimental conditions. Previously, it was shown that increasing the incubation time
to two hours did not affect the slope of the Schild plot of olcegepant [17]. Moreover, in
human middle meningeal arteries, the slope does not differ from unity for rimegepant or
olcegepant, suggesting that equilibrium is reached in this vascular tissue after 30 min of
incubation. A third explanation for a Schild plot slope different from unity is that the effect
induced by the agonist involves multiple receptors that are not all blocked by the antagonist
to the same extent. This could be a plausible hypothesis in human coronary arteries.

The CGRP receptor, consisting of transmembrane proteins CLR and RAMP1, is closely
related to other receptors within the same family [9]. The adrenomedullin receptor con-
sists of the same subunit CLR, but is coupled to RAMP2 instead of RAMP1, while the
adrenomedullin 2 receptor is composed of CLR coupled to RAMP3. Other receptors in
this same family consist of the CTR subunit, namely, the calcitonin receptor itself, the
amylin 1 (AMY1) receptor, composed of CTR and RAMP1, the amylin 2 receptor (CTR and
RAMP2), and the amylin 3 receptor (CTR and RAMP3). CGRP and amylin are equipo-
tent at the AMY1 receptor, and adrenomedullin and adrenomedullin 2 can also act at
the canonical CGRP receptor, demonstrating the cross-activation of the receptors within
this family by different agonists [9]. Interestingly, rimegepant was shown to antagonize
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CGRP signaling at the AMY1 receptor only 17- to 30-fold less potently than at the CGRP
receptor, suggesting that gepants can target receptors other than the CGRP receptor [26].
Moreover, telcagepant showed 40-fold selectivity for the CGRP receptor over the AMY1
receptor, while olcegepant is around 200-fold more selective [27,28]. These data show that
in addition to agonists activating multiple receptors within this family, some CGRP receptor
antagonists are able to target multiple receptors. Additional research should be performed
to accurately characterize the potency of all gepants for the different receptors within the
CGRP receptor family.

The gepants atogepant, olcegepant and rimegepant all had a Schild plot slope below
than 1 in human coronary arteries. For atogepant, not enough data were obtained in
human middle meningeal arteries to construct a Schild plot, and therefore no conclusions
can be drawn about the slope of the Schild plot of this drug in this tissue. However, for
olcegepant and rimegepant, the Schild plot slope in human middle meningeal arteries
did not differ from 1, in contrast to their responses in human coronary arteries. These
findings suggest that these CGRP receptor-inhibiting drugs respond differently in the two
vascular beds. If the Schild plot slope below than 1 in the human coronary arteries is
indeed caused by the involvement of multiple receptors, these results would imply that in
human coronary arteries, multiple receptors are involved in the relaxation to CGRP that
are not antagonized by all gepants, while in the human middle meningeal arteries, one
receptor acts as the main target for both CGRP and the gepants, resulting in a Schild plot
slope not different from unity (Figure 3). Possibly, in the human coronary artery, CGRP
could continue to induce relaxation via receptors other than the canonical CGRP receptor
that are not blocked by gepants with a slope < 1, resulting in decreased potency of these
gepants in this vascular tissue compared to human middle meningeal arteries. Following
this line of reason, the three gepants with a slope not different from unity—telcagepant,
ubrogepant and zavegepant—would be able to target these additional CGRP receptors,
thereby minimizing the potency difference between human coronary arteries and human
middle meningeal arteries. A possible candidate for the other receptor that could mediate
the CGRP-induced relaxation in human coronary arteries could be the AMY1 receptor,
consisting of CTR and RAMP1, considering the high potency of CGRP at this receptor,
which is similar to the potency of CGRP at the canonical CGRP receptor [9], and the finding
that at least some of the gepants seem to be able to target this receptor as well [26,27].
However, the fact that rimegepant has a relatively high affinity for the AMY1 receptor [26]
argues against it being the second receptor in human coronary arteries. Further research
should elucidate exactly what receptors are present in the different vascular beds.

The difference between the three gepants with a slope not different from unity and the
three with a slope < 1 is unlikely to arise from a difference in the tissues itself, considering
that all tissues were obtained from the same collaboration with the Heart Valve Department
of ETB-BISLIFE. Moreover, no relation could be observed between the results and the order
in which they were studied over the years, with olcegepant being the first gepant that was
studied, followed by telcagepant, atogepant, ubrogepant, rimegepant, and zavegepant.
Thus, the degree of receptor expression can be assumed to have remained unaltered over
the years.

Since CGRP can serve as a rescue molecule during ischemia, CGRP receptor blockade
could worsen the outcome if an ischemic event occurs, as observed previously in mice [22].
Therefore, in view of cardiovascular safety, a CGRP receptor antagonist should ideally
potently block CGRP receptors in migraine-related structures to exert its antimigraine
effects while effects on the coronary circulation remain limited. The meningeal vasculature
is densely innervated by the trigeminal nerve, and the trigeminovascular system is activated
during a migraine attack, resulting in the local release of CGRP [29]. Therefore, CGRP
activity in meningeal arteries could possibly serve as a proxy for what is happening
in the trigeminovascular system. Following this line of reasoning, a gepant with high
potency in human middle meningeal arteries and low potency in human coronary arteries
would be favorable. Telcagepant, ubrogepant and zavegepant show only minor potency
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differences between the two tissues. Atogepant displays the largest potency difference
(35–210 times more potent in human middle meningeal artery), which seems favorable in
view of the cardiovascular safety profile. However, efficacy, as well as safety, also depend on
many other factors, such as plasma–protein binding, dosing, dosing intervals, duration of
receptor antagonism in vivo and metabolism of the drug, as well as patient characteristics,
such as the potential predominance of CGRP in the pathophysiology of their migraine
attacks [30,31] and/or genetic polymorphisms in the CGRP receptor gene components [32].
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Figure 3. Potential mechanism of inhibition of CGRP-induced relaxation in human arteries by
different gepants. Telcagepant, ubrogepant and zavegepant show a Schild plot slope in human
coronary arteries that does not differ from unity, whereas for atogepant, olcegepant and rimegepant,
the Schild slope is significantly less than unity. Possibly, the gepants with a slope < 1 are less potent
in human coronary arteries than human middle meningeal arteries because CGRP can still induce
relaxation via a second receptor that is not targeted by these gepants. If telcagepant, ubrogepant
and zavegepant can target this second receptor in human coronary arteries with a potency similar to
that on the canonical CGRP receptor, it could explain the absence of potency difference between the
two tissues for these gepants. In human middle meningeal arteries, all gepants showed a slope not
different from unity, suggesting that one receptor is involved in CGRP-induced relaxation and can be
blocked by gepants.
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4. Materials and Methods
4.1. Wire Myography Experiments in Human Coronary Arteries

Distal portions of the left anterior descending coronary artery were isolated from
hearts of seven heart valve donors (four males and three females) aged 53 ± 3 years
(mean ± SEM). Hearts were provided by ETB-BISLIFE (Heart Valve Department, Bever-
wijk, the Netherlands) following removal of the aortic and pulmonary valves for homograft
valve transplantation. Hearts were obtained from Dutch postmortem donors who gave
permission for research. Donor mediation took place via the Dutch Transplant Foundation
(Leiden, Netherlands). Directly after circulatory arrest, the hearts were harvested and
stored at 4 ◦C in a sterile organ-protecting solution. Coronary arteries were isolated and
stored in oxygenated and carbonated Krebs solution (118 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3 and 8.3 mM glucose, pH = 7.4)
at 4 ◦C until the start of the experiment.

For functional experiments, 2 mm segments of human coronary arteries were mounted
in Mulvany myograph organ baths (Danish Myo Technology, Aarhus, Denmark) using
Ø 40 µm stainless-steel wires. The organ baths were kept at 37 ◦C and filled with oxy-
genated and carbonated Krebs solution. The mounted vessel segments were allowed to
equilibrate before being stretched to a tension normalized to 0.9 times the estimated diame-
ter at 100 mmHg transmural pressure [33]. The tension was recorded using LabChart data
acquisition (AD instruments Ltd., Oxford, UK). Vessel segments were exposed to 30 mM
KCl, washed, and exposed to 100 mM KCl, followed by additional washing steps. Next,
vessel segments were incubated with zavegepant (0.1 nM, 1 nM, 10 nM, 100 nM or 1 µM) or
control 30 min before a concentration–response curve to human αCGRP was constructed
(0.01 nM–1 µM, half-logarithmic steps). The vessel segments were precontracted with
30 mM KCl 15 min before the start of the curve, and relaxation responses to CGRP were
expressed as a percentage of precontraction.

For data analysis, sigmoidal curves were constructed using nonlinear regression anal-
ysis in Prism 8 (GraphPad Software, San Diego, CA, USA), from which a pEC50 value was
obtained. A ratio was calculated between the pEC50 value of the different concentrations
of zavegepant that shifted the concentration–response curve to CGRP and the pEC50 of
the control curve, called the dose ratio (DR). The DR for each concentration of zavegepant
was plotted in a Schild plot using log(DR-1). Linear regression was used to obtain the
corresponding Schild plot slope, which gives information about the interaction between
a receptor antagonist and the receptor(s) it binds to, and the pA2 value for zavegepant in
human coronary arteries.

4.2. Comparison of Potency of Gepants in Human Coronary Arteries and Human Middle
Meningeal Arteries

Results obtained with zavegepant in human coronary arteries were compared with
a previous study investigating the potency of zavegepant in human middle meningeal
arteries [23]. Moreover, the results from zavegepant were compared to previous experi-
ments performed in the same lab in the Erasmus Medical Center, Rotterdam, the Nether-
lands between 2005 and 2023 using other CGRP receptor antagonists—atogepant [21],
olcegepant [17,18], rimegepant [22], telcagepant [19,20] and ubrogepant [21]—in both hu-
man coronary arteries and human middle meningeal arteries. From previous studies, pKb
and pA2 values were obtained as a measure of potency in the different vascular tissues
and the slope of the Schild plot was extracted. Gepants were sorted based on their Schild
plot slope in human coronary arteries, and a potency difference between the two human
vascular beds was calculated for each of the CGRP receptor antagonists. When multiple
pKb values of a single drug were known, a range for the potency difference between human
middle meningeal arteries and human coronary arteries is presented. If the slope of the
Schild plot does not differ from unity, the individual pKb values for different antagonist
concentrations should be equal to the pA2 [34].
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5. Conclusions

For CGRP receptor antagonists with a Schild plot slope less than unity in human
coronary arteries, the potency difference between coronary arteries and human middle
meningeal arteries seems larger than for antagonists yielding a Schild plot slope equal to
unity in human coronary arteries. As a Schild plot slope less than unity may point to the
involvement of multiple receptors, it is important to identify the receptors involved in the
relaxation to CGRP in human coronary arteries, which can be used to further improve the
cardiovascular safety of future antimigraine drugs.

Author Contributions: T.d.V. and A.M. designed the study. Human tissues were provided by A.v.d.B.
Experiments were performed and analyzed by D.M.B., T.d.V. performed analyses, designed the
figures and drafted the manuscript. D.M.B., A.v.d.B., A.H.J.D. and A.M. critically reviewed the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Vici grant 09150181910040 from the Dutch Research Council.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: Figure 3 was created using BioRender.com (accessed on 5 July 2023).

Conflicts of Interest: T.d.V., D.M.B., A.v.d.B. and A.H.J.D. declare no conflict of interest. A.M.
received personal fees (fees as advisor or speaker, consultancy, any other) from Allergan-Abbvie,
Lilly, Novartis and Teva. She received research support from Novartis, Satsuma and Tonix, as well as
independent research support from the Dutch Research Council and the Netherlands Organisation
for Health Research and Development.

References
1. Smillie, S.J.; King, R.; Kodji, X.; Outzen, E.; Pozsgai, G.; Fernandes, E.; Marshall, N.; de Winter, P.; Heads, R.J.; Dessapt-Baradez,

C.; 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, 1056–1062. [CrossRef] [PubMed]

2. MaassenVanDenBrink, A.; Meijer, J.; Villalon, C.M.; Ferrari, M.D. Wiping Out CGRP: Potential Cardiovascular Risks. Trends
Pharmacol. Sci. 2016, 37, 779–788. [CrossRef] [PubMed]

3. Noseda, R.; Burstein, R. Migraine pathophysiology: Anatomy of the trigeminovascular pathway and associated neurological
symptoms, CSD, sensitization and modulation of pain. Pain 2013, 154, 44–53. [CrossRef] [PubMed]

4. Villalón, C.M.; Olesen, J. The role of CGRP in the pathophysiology of migraine and efficacy of CGRP receptor antagonists as
acute antimigraine drugs. Pharmacol. Ther. 2009, 124, 309–323. [CrossRef] [PubMed]

5. Goadsby, P.J.; Edvinsson, L.; Ekman, R. Vasoactive peptide release in the extracerebral circulation of humans during migraine
headache. Ann. Neurol. 1990, 28, 183–187. [CrossRef]

6. Goadsby, P.J.; Edvinsson, L. The trigeminovascular system and migraine: Studies characterizing cerebrovascular and neuropeptide
changes seen in humans and cats. Ann. Neurol. 1993, 33, 48–56. [CrossRef]

7. Lassen, L.H.; Haderslev, P.A.; Jacobsen, V.B.; Iversen, H.K.; Sperling, B.; Olesen, J. CGRP may play a causative role in migraine.
Cephalalgia Int. J. Headache 2002, 22, 54–61. [CrossRef]

8. Hansen, J.M.; Hauge, A.W.; Olesen, J.; Ashina, M. Calcitonin gene-related peptide triggers migraine-like attacks in patients with
migraine with aura. Cephalalgia Int. J. Headache 2010, 30, 1179–1186. [CrossRef]

9. Hay, D.L.; Garelja, M.L.; Poyner, D.R.; Walker, C.S. Update on the pharmacology of calcitonin/CGRP family of peptides: IUPHAR
Review 25. Br. J. Pharmacol. 2018, 175, 3–17. [CrossRef]

10. Pak, K.; Kim, J.; Lee, G.H.; Cho, J.W.; Kim, H.W. Effectiveness of Calcitonin Gene-Related Peptide Receptor Antagonists for
Migraine Treatment: A Meta-Analysis. Eur. Neurol. 2022, 85, 195–201. [CrossRef]

11. Hong, P.; Tan, T.; Liu, Y.; Xiao, J. Gepants for abortive treatment of migraine: A network meta-analysis. Brain Behav. 2020,
10, e01701. [CrossRef]

12. Lipton, R.B.; Croop, R.; Stock, D.A.; Madonia, J.; Forshaw, M.; Lovegren, M.; Mosher, L.; Coric, V.; Goadsby, P.J. Safety, tolerability,
and efficacy of zavegepant 10 mg nasal spray for the acute treatment of migraine in the USA: A phase 3, double-blind, randomised,
placebo-controlled multicentre trial. Lancet Neurol. 2023, 22, 209–217. [CrossRef] [PubMed]

13. Ashina, M.; Tepper, S.J.; Reuter, U.; Blumenfeld, A.M.; Hutchinson, S.; Xia, J.; Miceli, R.; Severt, L.; Finnegan, M.; Trugman,
J.M. Once-daily oral atogepant for the long-term preventive treatment of migraine: Findings from a multicenter, randomized,
open-label, phase 3 trial. Headache 2023, 63, 79–88. [CrossRef] [PubMed]

BioRender.com
https://doi.org/10.1161/HYPERTENSIONAHA.113.02517
https://www.ncbi.nlm.nih.gov/pubmed/24516108
https://doi.org/10.1016/j.tips.2016.06.002
https://www.ncbi.nlm.nih.gov/pubmed/27338837
https://doi.org/10.1016/j.pain.2013.07.021
https://www.ncbi.nlm.nih.gov/pubmed/24347803
https://doi.org/10.1016/j.pharmthera.2009.09.003
https://www.ncbi.nlm.nih.gov/pubmed/19796656
https://doi.org/10.1002/ana.410280213
https://doi.org/10.1002/ana.410330109
https://doi.org/10.1046/j.1468-2982.2002.00310.x
https://doi.org/10.1177/0333102410368444
https://doi.org/10.1111/bph.14075
https://doi.org/10.1159/000521697
https://doi.org/10.1002/brb3.1701
https://doi.org/10.1016/S1474-4422(22)00517-8
https://www.ncbi.nlm.nih.gov/pubmed/36804093
https://doi.org/10.1111/head.14439
https://www.ncbi.nlm.nih.gov/pubmed/36651532


Pharmaceuticals 2023, 16, 1075 10 of 10

14. Ho, T.W.; Connor, K.M.; Zhang, Y.; Pearlman, E.; Koppenhaver, J.; Fan, X.; Lines, C.; Edvinsson, L.; Goadsby, P.J.; Michelson, D.
Randomized controlled trial of the CGRP receptor antagonist telcagepant for migraine prevention. Neurology 2014, 83, 958–966.
[CrossRef] [PubMed]

15. Woodhead, J.L.; Siler, S.Q.; Howell, B.A.; Watkins, P.B.; Conway, C. Comparing the Liver Safety Profiles of 4 Next-Generation
CGRP Receptor Antagonists to the Hepatotoxic CGRP Inhibitor Telcagepant Using Quantitative Systems Toxicology Modeling.
Toxicol. Sci. 2022, 188, 108–116. [CrossRef]

16. Haghdoost, F.; Puledda, F.; Garcia-Azorin, D.; Huessler, E.M.; Messina, R.; Pozo-Rosich, P. Evaluating the efficacy of CGRP mAbs
and gepants for the preventive treatment of migraine: A systematic review and network meta-analysis of phase 3 randomised
controlled trials. Cephalalgia Int. J. Headache 2023, 43, 03331024231159366. [CrossRef]

17. Gupta, S.; Mehrotra, S.; Villalón, C.M.; Garrelds, I.M.; de Vries, R.; van Kats, J.P.; Sharma, H.S.; Saxena, P.R.; Maassenvandenbrink,
A. Characterisation of CGRP receptors in human and porcine isolated coronary arteries: Evidence for CGRP receptor heterogeneity.
Eur. J. Pharmacol. 2006, 530, 107–116. [CrossRef]

18. Gupta, S.; Mehrotra, S.; Avezaat, C.J.; Villalón, C.M.; Saxena, P.R.; Maassenvandenbrink, A. Characterisation of CGRP receptors in
the human isolated middle meningeal artery. Life Sci. 2006, 79, 265–271. [CrossRef]

19. Chan, K.Y.; Edvinsson, L.; Eftekhari, S.; Kimblad, P.O.; Kane, S.A.; Lynch, J.; Hargreaves, R.J.; de Vries, R.; Garrelds, I.M.; van den
Bogaerdt, A.J.; et al. Characterization of the calcitonin gene-related peptide receptor antagonist telcagepant (MK-0974) in human
isolated coronary arteries. J. Pharmacol. Exp. Ther. 2010, 334, 746–752. [CrossRef] [PubMed]

20. Edvinsson, L.; Chan, K.Y.; Eftekhari, S.; Nilsson, E.; de Vries, R.; Saveland, H.; Dirven, C.M.; Danser, A.H.; MaassenVanDenBrink,
A. Effect of the calcitonin gene-related peptide (CGRP) receptor antagonist telcagepant in human cranial arteries. Cephalalgia Int.
J. Headache 2010, 30, 1233–1240. [CrossRef] [PubMed]

21. Rubio-Beltrán, E.; Chan, K.Y.; Danser, A.H.J.; MaassenVanDenBrink, A.; Edvinsson, L. Characterisation of the calcitonin gene-
related peptide receptor antagonists ubrogepant and atogepant in human isolated coronary, cerebral and middle meningeal
arteries. Cephalalgia Int. J. Headache 2019, 40, 357–366. [CrossRef] [PubMed]

22. Mulder, I.A.; Li, M.; de Vries, T.; Qin, T.; Yanagisawa, T.; Sugimoto, K.; van den Bogaerdt, A.; Danser, A.H.J.; Wermer, M.J.H.; van
den Maagdenberg, A.; et al. Anti-migraine Calcitonin Gene-Related Peptide Receptor Antagonists Worsen Cerebral Ischemic
Outcome in Mice. Ann. Neurol. 2020, 88, 771–784. [CrossRef] [PubMed]

23. Boucherie, D.M.; Dammers, R.; Vincent, A.; Danser, A.H.J.; MaassenVanDenBrink, A. Comparison of gepant effects at therapeutic
plasma concentrations: Connecting pharmacodynamics and pharmacokinetics. Cephalalgia, in Press.

24. Kenakin, T.P. The Schild regression in the process of receptor classification. Can. J. Physiol. Pharmacol. 1982, 60, 249–265. [CrossRef]
25. Vauquelin, G.; Van Liefde, I.; Swinney, D.C. On the different experimental manifestations of two-state ‘induced-fit’ binding of

drugs to their cellular targets. Br. J. Pharmacol. 2016, 173, 1268–1285. [CrossRef]
26. Pan, K.S.; Siow, A.; Hay, D.L.; Walker, C.S. Antagonism of CGRP Signaling by Rimegepant at Two Receptors. Front. Pharmacol.

2020, 11, 1240. [CrossRef]
27. Walker, C.S.; Eftekhari, S.; Bower, R.L.; Wilderman, A.; Insel, P.A.; Edvinsson, L.; Waldvogel, H.J.; Jamaluddin, M.A.; Russo, A.F.;

Hay, D.L. A second trigeminal CGRP receptor: Function and expression of the AMY1 receptor. Ann. Clin. Transl. Neurol. 2015, 2,
595–608. [CrossRef] [PubMed]

28. Haanes, K.A.; Chan, K.Y.; MaassenVanDenBrink, A. Comment on “A second trigeminal CGRP receptor: Function and expression
of the AMY1 receptor”. Ann. Clin. Transl. Neurol. 2016, 3, 307–308. [CrossRef]

29. Ashina, M.; Hansen, J.M.; Do, T.P.; Melo-Carrillo, A.; Burstein, R.; Moskowitz, M.A. Migraine and the trigeminovascular system-40
years and counting. Lancet Neurol. 2019, 18, 795–804. [CrossRef]
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