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Abstract
The calcitonin gene–related peptide (CGRP) is an endogenous peptide that is known to be involved in the development of 
a migraine. CGRP is also present in the human heart, acts via CGRP receptors, and has been shown to increase the force of 
contraction (FOC) in isolated, electrically driven human atrial preparations (HAP) from adult patients obtained during open-
heart surgery. Here, the hypothesis was tested that the positive inotropic effect (PIE) of CGRP could be attenuated by three 
anti-migraine drugs, namely ubrogepant, erenumab (both CGRP receptor antagonists), and eptinezumab (a CGRP antagonist). 
CGRP, cumulatively applied at concentrations ranging from 1 to 100 nM, increased the FOC. In the presence of cilostamide, 
an inhibitor of phosphodiesterase III, CGRP was more potent and effective than in the absence of cilostamide. Furthermore, 
when 100 nM CGRP was administered, subsequent application of ubrogepant (1 nM), erenumab (2 nM), and eptinezumab (6 
nM) led to a reduction of FOC in HAP. In a more effective way, 1 µM carbachol and 1 µM (-)-N6-phenylisopropyladenosine 
(PIA) attenuated the PIE of CGRP in the presence of cilostamide. Conversely, when we applied first ubrogepant (1 nM), 
erenumab (2 nM), or eptinezumab (6 nM), then, this pre-incubation attenuated the PIE in HAP of cumulatively applied CGRP 
compared to CGRP given alone. We conclude that ubrogepant, erenumab, and eptinezumab are functional antagonists of 
CGRP in HAP at therapeutic concentrations of these anti-migraine drugs. Further investigation is necessary to determine 
whether this reduction in FOC is beneficial or detrimental for migraine patients.
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Introduction

Globally, migraine has a prevalence of approx. 15% and is 
known to affect a variety of areas of daily life. It is assumed 
that migraines are caused by the interaction of genetic and 
environmental factors. For instance, it has been demonstrated 

that the activation of the trigeminovascular system, lead-
ing to the release of vasoactive neuromodulators, includ-
ing the calcitonin gene-related peptide (CGRP), amylin, the 
pituitary adenylate cyclase activating polypeptide (PACAP), 
and nitric oxide (NO), is involved in the pathophysiology 
of migraine and its progression to chronic migraine (Raggi 
et al. 2024). The objective of acute treatment of a migraine 
attack is to alleviate the symptoms that occur. In contrast, the 
pharmacotherapy to prevent migraine attacks aims to reduce 
the frequency and severity of these attacks. In the past, phar-
macological treatment of migraine has been largely confined 
to triptans and non-steroidal anti-inflammatory drugs, as 
well as various oral preventive medications originally devel-
oped for other conditions, such as antihypertensives, anti-
depressants, and antiepileptics (Pellesi et al. 2024). Recent 
therapeutic advances have demonstrated the efficacy of tar-
geted interventions in the CGRP signaling pathway in the 
treatment of migraine attacks. These therapeutic strategies, 
which include monoclonal antibodies and small molecules 
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known as gepants, have demonstrated remarkable efficacy 
in clinical trials and offer a novel approach to the treatment 
of migraine (Pellesi et al. 2024). Here, we were interested in 
the cardiac effects of CGRP and possible cardiac side effects 
of drugs targeting the CGRP signaling pathway.

Human α-CGRP is a peptide composed of 37 amino acids 
and is formed in the human body in various organs, includ-
ing the heart. The same gene (calcitonin gene, CALCA 
gene) leads by alternative splicing to calcitonin formation 
in thyroid cells and to the formation of α-CGRP in other cell 
types like the human heart (Rosenfeld et al. 1981; Russo 
and Hay 2023). Indeed, α-CGRP has been demonstrated to 
exert a positive inotropic effect (PIE) in human atrial prepa-
rations (HAP) (Franco-Cereceda et al. 1987a; b). Further-
more, when CGRP was intravenously injected into patients, 
it induced hypotension, vasodilatation, and elevated cardiac 
ventricular contractility (Franco-Cereceda et  al. 1987a; 

Gennari et al. 1990). The physiological role of CGRP in the 
human heart is still incompletely understood and therefore 
remains speculative and enigmatic. One hypothesis suggests 
that locally produced CGRP or plasma CGRP can stimulate 
cardiac CGRP receptors, which exhibit a high affinity for 
CGRP (Russo and Hay 2023).

As concerns the mechanism of action (Fig. 1), CGRP can 
stimulate the activity of adenylyl cyclases (AC) in the heart 
and thus raise cAMP like isoprenaline (Sigrist et al. 1986). 
CGRP elevated the force of contraction (FOC) in cardiac 
preparations from guinea pigs and rats (Sigrist et al. 1986). 
For instance, in rats, these effects are region-dependent: 
CGRP increased the FOC in the left atrium but not in the 
ventricle of the rat (Sigrist et al. 1986). In spontaneously 
beating guinea-pig right atrium, CGRP increased the beat-
ing rate (Franco-Cereceda and Lundberg 1985). In addition, 
CGRP has been demonstrated to stimulate phospholipase C 

Fig. 1   Schematic illustration of the mechanism of action of CGRP. 
Putative mechanism(s) of action of CGRP in cardiomyocytes. CGRP 
stimulates the CGRP receptor complex (CLR, calcitonin recep-
tor-like receptor; RAMP1, receptor activity–modifying protein 1; 
RCP, receptor component protein). CGRP(8–37), ubrogepant, and 
erenumab are CGRP receptor antagonists, whereas eptinezumab is 
a CGRP antagonist. The CGRP receptor can activate two signaling 
pathways. Via stimulatory GTP-binding proteins (Gs) and adeny-
lyl cyclases (AC), the formation of cAMP is catalyzed. This cAMP 
activates a cAMP-dependent protein kinase (PKA). Subsequently, 
PKA regulates cardiac proteins through phosphorylation (P), such as 
phospholamban (PLB), the inhibitory subunit of troponin (TnI), the 
L-type Ca2+ channel (LTCC), potassium channels (IK), the ryanodine 
receptor (RyR), and the cAMP responsive element binding protein 

(CREB), which activates genes in the nucleus of the cardiomyocyte. 
Finally, the cAMP is degraded by phosphodiesterases (mainly PDE 
3), which can be partially inhibited by cilostamide in the human 
heart. The CGRP receptor can also activate phospholipase C (PLC) 
via Gq proteins, which generates inositol trisphosphate (IP3) and dia-
cylglycerol (DAG). DAG activates protein kinase C (PKC), which 
phosphorylates, for example, the mitogen-activated protein kinase 
(MEK). Myofibrils are responsible, in a Ca2+-dependent manner, for 
the generation of force, which is symbolized here by a single muscle 
contraction tracing over time. Ca2+ also activates the Ca2+ calmodu-
lin-dependent protein kinase II (CAMKII). The contraction cycle is 
terminated by the sarcoendoplasmic Ca2+-ATPase (SERCA), which 
pumps the Ca2+ into the sarcoplasmic reticulum, where it is bound to 
calsequestrin (CSQ)
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Gq/11-dependently via its receptor, resulting in Ca2⁺ release 
from the endoplasmic reticulum (Drissi et al. 1998).

Two relevant receptors have been identified to which 
CGRP binds: the calcitonin receptor-like receptor and the 
calcitonin receptor. Both receptors can form complexes with 
distinct proteins called RAMP (receptor activity modifying 
proteins) (Russo and Hay 2023). In humans, the affinity of 
CGRP for complexes containing the calcitonin receptor–like 
receptor and RAMP1 are highest and thus might have the 
main clinical relevance and thus will only be considered 
further (Russo and Hay 2023).

The injection of CGRP has been demonstrated to induce 
migraine (Russo and Hay 2023). Consequently, CGRP 
antagonist are currently used as a therapeutic modality in 
the management of migraine (Russo and Hay 2023). Eptin-
ezumab, an antibody, can bind and block the action of CGRP 
(Dhillon 2020; Li et al. 2023). Ubrogepant, a small organic 
molecule, blocks the CGRP receptor and has been approved 
for the prophylaxis and acute treatment of migraine (Boin-
pally and Lu 2022). Other anti-migraine medications are 
antibodies that inhibit the function of the CGRP receptor. 
One example is erenumab (= AMG 334) that we decided to 
study here (Shi et al. 2016; Vu et al. 2017; Markham 2018; 
Russo and Hay 2023).

Therefore, the primary objective of this study was to test 
the following hypotheses:

1.	 Does ubrogepant reduce the PIE of CGRP in HAP?
2.	 Does erenumab reduce the PIE of CGRP in HAP?
3.	 Does eptinezumab reduce the PIE of CGRP in HAP?

Materials and methods

Contractile studies on human atrial preparations

The contractile studies on HAP were performed using the 
same setup and modified Tyrode’s solution as described 
before (Gergs et al. 2009; Gergs et al. 2014). In brief, human 
right atrial preparations obtained during the cardiac surgery 
at the sites where extracorporeal circulation needles were 
inserted, were rapidly transferred into the laboratory in mod-
ified Tyrode’s solution. The modified Tyrode’s solution con-
tained in millimolar concentrations (mM): 119.8 NaCI, 5.4 
KCI, 1.8 CaCl2, 1.05 MgCl2, 0.42 NaH2PO4, 22.6 NaHCO3, 
0.05 Na2EDTA, 0.28 ascorbic acid, and 5.05 glucose. Ascor-
bic acid was used as an antioxidant to maintain the activity 
of, for instance, isoprenaline. The solution was continuously 
gassed with 95% O2 and 5% CO2 and maintained at 37 °C 
and pH 7.4. The atrial samples were cut into small trabecu-
lar muscle pieces. These muscle strips were then mounted 
under isometric conditions with metal hooks at each end 
of the muscle in a glass organ bath. The muscle strips were 

electrically stimulated at 1 Hz with rectangular impulses 
of 5 ms duration and 10% above the voltage required for 
initiation of the beating (around 10 Volts). Human muscle 
strips were stretched to the maximum of the force-contrac-
tion relationship. The signals from the force transducers 
were recorded using a PowerLab system together with the 
software Lab Chart 8.0 (ADInstruments, Oxford, UK). The 
HAP were obtained from 28 patients, aged from 57 to 82 
years (mean age ± SD: 68.7 ± 8.1 years). The patients suf-
fered from severe coronary heart diseases (two- and three-
vessel diseases). The cardiac drug therapy included acetyl-
salicylic acid, a factor Xa inhibitor, a diuretic drug and a 
β-adrenoceptor antagonist. Cardiac comorbidities included 
in part also hypertension and heart failure. As described in 
the figure legends, CGRP was applied in a cumulative man-
ner, either alone or after application of cilostamide. In some 
experiments, the anti-migraine drugs were applied finally. 
In other experiments, the anti-migraine drugs were applied 
first, and then, CGRP was added cumulatively to the organ 
baths.

Data analysis

The data presented herein are expressed as means ± standard 
deviation. The statistical significance was estimated using 
the one-way or two-way analysis of variance (ANOVA) as 
appropriate, followed by a Bonferroni multiple comparisons 
test. The statistical analysis and generation of graphs were 
carried out with the software Prism 9.0 (GraphPad Software, 
Boston, MA, USA). A p value less than 0.05 was considered 
to be statistically significant. The statistical power was cal-
culated with G*Power 3.1.9.2. (Faul et al. 2009).

Drugs and materials

(-)Isoprenaline tartrate, carbachol and (-)-N6-phenyliso-
propyladenosine were from Sigma-Aldrich (Taufkirchen, 
Germany). Erenumab was from Sellekchem (Köln, Ger-
many). CGRP, eptinezumab and ubrogepant were from 
Thermo Fisher Scientific (Bremen, Germany) or Hycultec 
(Beutelbach, Germany), respectively. Human calcitonin was 
obtained from (Bachem, Bubendorf, Switzerland). All other 
chemicals were of the highest purity grade commercially 
available. Deionized water was used throughout the experi-
ments to prepare the modified Tyrode’s solution. Stock solu-
tions were prepared fresh daily.

Results

In the initial series of experiments, CGRP was cumula-
tively applied to HAP, resulting in a modest, concentration-
dependent increase in the FOC. This PIE to CGRP is shown 
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in an original recording in Fig. 2A. In Fig. 2B to E, several 
experiments are summarized. Because of the scatter due to 
the variability of patient samples (Fig. 2B), the PIE of CGRP 
becomes more discernible when the data are normalized to 
the control values (= pre-drug values) (Fig. 2C). Moreo-
ver, CGRP raised the absolute values of the rate of tension 
development and the rate of tension relaxation (Fig. 2D), 
and CGRP shortened the time to peak tension and the time 
of relaxation (Fig. 2E).

Secondly, a putative interaction of CGRP and the phos-
phodiesterase 3 inhibitor cilostamide (Fig. 1) was studied in 
HAP. A concentration of cilostamide was used that did raise 
the force of contraction in HAP only slightly, so that a PIE 
of subsequently applied positive inotropic substances such 
as CGRP should remain visible (Rayo-Abella et al. 2023). 

Typical recordings for the effect of CGRP in the presence 
of cilostamide are depicted in Fig. 3A. In Fig. 3B to E, the 
experiments are summarized. The PIE of CGRP is signifi-
cantly more pronounced in the presence of cilostamide than 
in its absence (compare Figs. 2 and 3). This applies to the 
absolute FOC values (Fig. 3B) and to the FOC normalized to 
the control (= effect of cilostamide) (Fig. 3C). In summary, 
cilostamide shifted the PIE of CGRP to lower concentrations 
(pEC50 = 8.7 ± 0.5 versus 7.7 ± 0.2 without cilostamide, p 
< 0.05) and increased the efficacy. Accordingly, CGRP led 
to an increase of the rate of tension development and the 
rate of tension relaxation (Fig. 3D), and CGRP shortened 
the time to peak tension and the time of relaxation (Fig. 3E).

In order to exclude the possibility that calcitonin recep-
tors or amylin receptors are involved in the effects of CGRP, 

Fig. 2   Positive inotropic effect 
of CGRP in human atrial prepa-
rations. A Original recording 
of cumulatively applied CGRP 
starting at 1 nM. The vertical 
bar indicates the developed 
force of contraction in millinew-
tons (mN), while the horizontal 
bar denotes the elapsed time in 
minutes (min). B–E Summa-
rized data of six experiments: 
B force of contraction in mN; 
C force of contraction in % of 
control (Ctr = pre-drug values); 
D rate of tension development 
(+dF/dt) and rate of relaxation 
(-dF/dt) in mN/s; E time to peak 
tension (T1) and time to relaxa-
tion (T2) in milliseconds (ms). 
Numbers in brackets indicate 
the number of experiments. *p 
< 0.05 vs. Ctr



11913Naunyn-Schmiedeberg's Archives of Pharmacology (2025) 398:11909–11918	

calcitonin and amylin were also examined for inotropic 
activity in HAP. In contrast to CGRP, 1 µM calcitonin did 
not increase FOC in HAP, when given alone or in the pres-
ence of 0.1 µM cilostamide (Fig. 4A, B). A similar outcome 
was observed with 1 µM amylin, which did not increase the 
FOC in HAP (Fig. 4C).

Finally, the effects of the CGRP receptor antagonists 
erenumab or ubrogepant as well as the CGRP antagonist 
eptinezumab were examined (Fig. 5). To this end, con-
centration response curves to CGRP were performed in 
the presence of both cilostamide and an antagonist (either 
ubrogepant or erenumab or eptinezumab). The results of 
these experiments are demonstrated in Fig. 6, which have 

been normalized to the control values that are the effects 
of cilostamide plus an antagonist. The PIE of CGRP 
was prevented by all three antagonists (Fig. 6C). Conse-
quently, when the antagonists were applied after the high-
est concentration of CGRP (= 100 nM), the FOC could 
be reduced by all three antagonists (Figs. 5 and 6A). A 
post hoc power analysis revealed a statistical power (1-β) 
of >0.99 for ubrogepant, 0.47 for erenumab, and 0.4 for 
eptinezumab. For comparison, the interaction with Gi 
protein–coupled receptors was studied because the PIE of 
other cAMP increasing agents, like isoprenaline, is attenu-
ated by muscarinic M2 or adenosine A1 receptor stimula-
tion in HAP (Böhm et al. 1986; Schwarz et al. 2024b; 

Fig. 3   Positive inotropic effect 
of CGRP in the presence of 
cilostamide in human atrial 
preparations. The atrial prepara-
tions were pre-stimulated using 
0.1 µM of the phosphodiesterase 
3 inhibitor cilostamide. A Origi-
nal recording of cumulatively 
applied CGRP starting at 1 
nM in presence of cilostamide. 
The vertical bar indicates the 
developed force of contraction 
in millinewtons (mN), while 
the horizontal bar denotes the 
elapsed time in minutes (min). 
B–E Summarized data of 12 
experiments: B force of contrac-
tion in mN; C force of contrac-
tion in % of control (Ctr = force 
of contraction in presence of 
cilostamide); D rate of tension 
development (+dF/dt) and rate 
of relaxation (−dF/dt) in mN/s; 
E time to peak tension (T1) 
and time to relaxation (T2) in 
milliseconds (ms). Numbers in 
brackets indicate the number of 
experiments. *p < 0.05 vs. Ctr
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Schwarz et al. 2024a). Hence, cilostamide and 100 nM 
CGRP was applied first. This increased the FOC. Subse-
quently, carbachol or PIA was applied to stimulate M2 or 
A1 receptors, respectively, which reduced the FOC (Figs. 5 
and 6A). It should be noted that the negative inotropic 
effect of carbachol is more pronounced than the negative 
inotropic effect of PIA (Fig. 5), which is usually explained 
by a higher receptor density of M2 receptors compared 
to A1 receptors (Böhm et al. 1996). To demonstrate the 
maximum capacity to increase the FOC in HAP via Gs 
protein–coupled receptors, isoprenaline was also applied 
in several preparations (Figs.  5 and 6). Furthermore, 
Fig. 6B demonstrates two findings. First, isoprenaline is 
more efficient than CGRP in the presence of cilostamide 
to increase the FOC. Second, the β-adrenergic response 
remained unchanged at the end of the experiments when 
compared with the effect of isoprenaline alone.

Discussion

The main objective of the present work was to investigate 
the potential cardiac effects of the novel anti-migraine drugs 
ubrogepant, erenumab, and eptinezumab. Indeed, all three 
investigated drugs were able to reduce CGRP-stimulated 
contractility in human atrial preparations.

It was known before that CGRP increased the FOC in 
HAP (Sigrist et al. 1986; Du et al. 1994). These effects were 
classified as CGRP receptor-mediated because they were 
antagonized by the CGRP-antagonist CGRP(8–37) in HAP 
(Saetrum Opgaard et al. 2000). It is also known that the 
effects of some agonists only become visible after pre-stim-
ulation of the signaling pathway. This has been shown, for 

Fig. 4   Missing effects of calcitonin and amylin in human atrial prepa-
rations. Original recordings of force of contraction demonstrate the 
lack of inotropic effects of A 1 µM calcitonin alone or B in the pres-
ence of 0.1 µM cilostamide and of C 1 µM amylin alone or D in the 
presence of 0.1 µM cilostamide. For comparison, 0.1 µM CGRP was 
applied in D to demonstrate the principle responsiveness to CGRP. 
The vertical bars indicate the developed force of contraction in mil-
linewtons (mN), while the horizontal bars denote the elapsed time in 
minutes (min)

Fig. 5   Original recordings of the effects of antagonists on CGRP-
induced force of contraction in human atrial preparations. The atrial 
preparations were pre-stimulated using 0.1 µM of the phosphodiester-
ase 3 inhibitor cilostamide (green). Subsequently, 0.1 µM CGRP was 
applied to increase force of contraction followed by A 1 nM ubroge-
pant, B 2 nM erenumab, C 6 nM eptinezumab, D 1 µM PIA, and E 1 
µM carbachol. All antagonists or negative inotropic compounds are 
red-colored. In A–C, 1 µM isoprenaline (blue) was applied at the end 
of the experiment to demonstrate the maximum capacity to increase 
the FOC via Gs protein–coupled receptors. The vertical bars indicate 
the developed force of contraction in millinewtons (mN), while the 
horizontal bars denote the elapsed time in minutes (min)
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example, for the inotropic effects of serotonin in the human 
ventricle, which was only detectable after inhibition of the 
cAMP-degrading phosphodiesterases (Kaumann and Levy 
2006). However, to the best of our knowledge, it is a novel 
finding that a PDE inhibitor (here: cilostamide) augmented 
the PIE of CGRP in HAP. This effect of cilostamide argues 
against the possibility that CGRP stimulates PDE activity as 
reported for glucagon in the heart (review: (Neumann et al. 

2023)). In contrast, these data support the accepted view 
that cAMP mediated the PIE of CGRP in the HAP (Sigrist 
et al. 1986). Another new finding is that the PIE of CGRP is 
not mediated by calcitonin receptors. We assume that this is 
the case because calcitonin at a concentration of 1 µM does 
not increase FOC in HAP. This is consistent with a negative 
inotropic effect of calcitonin in canine atrial preparations 
(Chiba and Himori 1977).

Fig. 6   Effects of ubrogepant, erenumab and eptinezumab on CGRP-
induced force of contraction in human atrial preparations. A Force 
of contraction (FOC) normalized to the control values (Ctr) that are 
the effects of 0.1 µM cilostamide plus 0.1 µM CGRP. Ubrogepant (1 
nM, n = 6), erenumab (2 nM, n = 4), and eptinezumab (6 nM, n = 
3) decreased the FOC to approx. 70%, whereas carbachol (1 µM, n 
= 3) decreased the FOC to 25% and PIA (1 µM, n = 9) to 39%. For 
comparison, 1 µM isoprenaline (n = 5) increased the FOC to 162% 
in the presence of cilostamide, CGRP, and a CGRP or CGRP recep-
tor antagonist. *p < 0.05 vs. Ctr, #p < 0.05 vs. isoprenaline. B For 
comparison, the efficacies of 0.1 µM CGRP in the presence of 0.1 

µM cilostamide (Cilo) and plus 1 µM isoprenaline (n = 5), as well 
as 1 µM isoprenaline alone (n = 11), are shown. Ctr and Ctr(I), cor-
responding pre-drug values as controls. *p < 0.05 vs. Ctr, #p < 0.05 
vs. Cilo+CGRP, +p < 0.05 vs. Ctr(I). C Concentration response 
curves to CGRP were performed in the presence of both cilostamide 
(0.1 µM) and an antagonist (either ubrogepant (1 nM) or erenumab (2 
nM) or eptinezumab (6 nM)). The positive inotropic effect of CGRP 
was prevented by all three antagonists tested (*p < 0.05). Data were 
normalized to cilostamide plus an antagonist (= Ctr). For the control 
curve, only cilostamide was applied before the addition of CGRP. 
Numbers in brackets indicate the number of experiments
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Furthermore, it was noteworthy that the action of CGRP 
in the HAP can be inhibited at different steps of the signal 
transduction (Fig. 1): one strategy to mitigate the action of 
CGRP on the CGRP receptor involves the administration 
of an antibody against CGRP (eptinezumab). Alternatively, 
a small organic molecule (ubrogepant) or a truncated pep-
tide (CGRP(7–38)) are available to selectively inhibit the 
stimulation of the CGRP receptor by CGRP. Finally, an anti-
body that targets the function of the human CGRP receptor 
(erenumab) can also inhibit the PIE of CGRP in the HAP.

The PIE of CGRP can be partly explained by an increase 
in the current through the L-type calcium ion channel 
(LTCC), or by an inhibition of potassium ion currents and 
a resulting prolongation of the action potential (frog: (Ono 
et al. 1989), guinea pig atrial cardiomyocytes: (Nakajima 
et al. 1991)). The PIE of CGRP in guinea pig atrial prepara-
tions was antagonized by acetylcholine, and therefore, we 
studied here carbachol (Nakajima et al. 1991). CGRP short-
ened the relaxation time and increased the relaxation rate in 
HAP, probably in part through increasing the protein kinase 
A-dependent and Ca2+-calmodulin kinase-dependent phos-
phorylation of phospholamban, as illustrated in Fig. 1. The 
phosphorylated phospholamban would lose its inhibitory 
effect on SERCA, resulting in an enhanced reuptake of Ca2+ 
into the sarcoplasmic reticulum, which would finally lead 
to enhanced relaxation. In guinea pig left atria, the effect 
of CGRP on FOC was potentiated by 3-isobutyl-1-methyl-
xanthine (IBMX), a nonselective phosphodiesterase inhibi-
tor, and attenuated by adenosine (Ishikawa et al. 1988). The 
findings in guinea pigs are largely consistent with our find-
ings in HAP: in our study, the effect of CGRP on FOC was 
potentiated by the PDE inhibitor cilostamide and attenuated 
by the A1 adenosine receptor agonist PIA. IBMX also poten-
tiated the CGRP-induced increase in cAMP content and in 
the beating rate in rat neonatal ventricular cardiomyocytes 
(Fisher et al. 1988). Therefore, we translated these findings 
from guinea pig atria and rat neonatal cardiomyocytes to 
HAP, and indeed, we found that the effects of CGRP were 
enhanced in the presence of a selective PDE inhibitor cilos-
tamide. Furthermore, the PIE of CGRP in HAP was reduced 
by PIA, an A1 adenosine receptor agonist (Schwarz et al. 
2024a).

In a human cardiomyocyte cell line (a tumor cell line 
expressing only calcitonin receptor-like receptors and 
RAMP1), CGRP increased the cAMP level, calcium ion 
transients, nitric oxide formation, and phosphorylation of 
the extracellular signal-regulated kinases ERK1/2 (Clark 
et al. 2021). However, these data are difficult to put into a 
physiological context because these human cardiomyocytes 
showed proliferation and did not contract (Clark et al. 2021).

It has been argued that all currently available CGRP 
receptor antagonists are also antagonists at amylin recep-
tors (Russo and Hay 2023). Therefore, we might have 

inadvertently also antagonized the effects of CGRP at 
amylin receptors, where CGRP is also a weak agonist. 
However, we consider this as an unlikely limitation of this 
study. In fact, we could not detect a PIE of amylin in HAP. 
This finding aligns with previous studies that also failed 
to detect a PIE of amylin in HAP (Saetrum Opgaard et al. 
2000). Thus, we are confident to have studied an action 
of CGRP at CGRP receptors and not at amylin receptors.

The maximum plasma concentration after 100-mg 
ubrogepant per os has been reported as 378 ng/ml (approx. 
700 nM (Boinpally and Lu 2022)). Depending on the dos-
age used, plasma levels of erenumab range between 10 
and 100 ng/ml (approx. 0.7–7 nM) (Vu et al. 2017). Eptin-
ezumab had a peak plasma concentration of 25–83 µg/ml 
(approx. 175–580 nM (Li et al. 2023) in patients depend-
ing on the dosage. Consequently, the findings of this study 
are well within the therapeutic range of these medications, 
thereby substantiating their clinical relevance. In addition, 
the CGRP concentrations used in this study are close to 
the range of CGRP plasma concentrations in humans. 
Although CGRP concentrations show a high inter-individ-
ual variability, the mean plasma concentration of CGRP 
was about 300 pg/ml, i.e., approx. 80 pM, with maximum 
values of about 0.5 nM in some individuals (Messlinger 
et al. 2021; Eggertsen et al. 2024). The mRNA for the 
calcitonin receptor-like receptor, RAMP1, RAMP2, and 
RAMP3, has been detected in the right atrium and left 
ventricle of humans (Saetrum Opgaard et al. 2000). In 
addition, antibodies have been used to detect the calci-
tonin receptor-like receptor in the human heart, mainly 
in endothelial cells, but also in human ventricular cardio-
myocytes (Hagner et al. 2002). Hence, biochemically, the 
CGRP receptor is present in the human heart.

Finally, some limitations of the study have to be men-
tioned. Despite the potential of the novel anti-migraine drugs 
to decrease the inotropic effects of CGRP, most patients will 
probably not notice any cardiac effects, as the physiological 
CGRP concentrations are probably not sufficient to induce 
a positive inotropic effect without pre-stimulation. This may 
also be the reason why no cardiac side effects have been 
reported to date with the novel anti-migraine drugs. Moreo-
ver, it could be argued that it would be very helpful to com-
pare our data with data from non-diseased specimens. How-
ever, access to non-diseased control hearts is not available at 
our university hospital. Consequently, this comparison could 
not be done in the present study. Another point that could not 
be addressed in principle by our study design are possible 
chronic effects of CGRP antagonism, such as atrial tissue 
remodeling or desensitization of the receptor. However, such 
effects would be important to know, as CGRP antagonists 
are intended to be used as a preventive therapy for migraine. 
Such studies need to be carried out in the future on a larger 
patient population.
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In summary, the present study provides evidence that the 
novel anti-migraine drugs that interfere with the action of 
CGRP abolish the positive inotropic effect of CGRP in the 
human atrium.

Acknowledgements  We thank P. Willmy, F. Schemel and S. Leupold 
for excellent technical assistance.

Author contributions  JN and UG conceived and designed the research. 
BH supplied reagents and clinical data. JN and UG performed experi-
ments. UG analyzed and plotted data. JN and UG wrote the initial 
draft and revised the manuscript. All authors read and approved the 
manuscript. The authors declare that all data were generated in-house 
and that no paper-mill was used.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Data availability  The data of this study are available from the corre-
sponding author upon reasonable request.

Declarations 

Ethical approval  This study in patients complies with the Declaration 
of Helsinki and has been approved by the local ethics committee.

Consent to participate  Informed written consent was obtained from 
all patients included in the study.

Consent for publication  All authors declare that they have seen and 
approved the submitted version of this manuscript.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Böhm M, Mende U, Schmitz W, Scholz H (1986) Increased sensitiv-
ity to alpha-adrenoceptor stimulation but intact purinergic and 
muscarinergic effects in prehypertensive cardiac hypertrophy of 
spontaneously hypertensive rats. Naunyn Schmiedebergs Arch 
Pharmacol 333:284–289. https://​doi.​org/​10.​1007/​BF005​12942

Böhm M, Flesch M, Schnabel P (1996) Role of G-proteins in altered 
beta-adrenergic responsiveness in the failing and hypertrophied 
myocardium. Basic Res Cardiol 91(Suppl 2):47–51. https://​doi.​
org/​10.​1007/​BF007​95362

Boinpally R, Lu K (2022) Evaluation of the pharmacokinetic interac-
tion and safety of ubrogepant coadministered with esomeprazole 
magnesium. Clin Pharmacol Drug Dev 11:270–277. https://​doi.​
org/​10.​1002/​cpdd.​1034

Chiba S, Himori N (1977) Effects of salmon calcitonin on SA nodal 
pacemaker activity and contractility in isolated, blood-perfused 
atrial and papillary muscle preparations of dogs. Jpn Heart J 
18:214–220. https://​doi.​org/​10.​1536/​ihj.​18.​214

Clark AJ, Mullooly N, Safitri D, Harris M, de Vries T, Maassen-
VanDenBrink A, Poyner DR, Gianni D, Wigglesworth M, 
Ladds G (2021) CGRP, adrenomedullin and adrenomedullin 2 
display endogenous GPCR agonist bias in primary human car-
diovascular cells. Commun Biol 4:776. https://​doi.​org/​10.​1038/​
s42003-​021-​02293-w

Dhillon S (2020) Eptinezumab: first approval. Drugs 80:733–739. 
https://​doi.​org/​10.​1007/​s40265-​020-​01300-4

Drissi H, Lasmoles F, Le Mellay V, Marie PJ, Lieberherr M (1998) 
Activation of phospholipase C-beta1 via Galphaq/11 during cal-
cium mobilization by calcitonin gene-related peptide. J Biol Chem 
273:20168–20174. https://​doi.​org/​10.​1074/​jbc.​273.​32.​20168

Du XY, Schoemaker RG, Bos E, Saxena PR (1994) Different phar-
macological responses of atrium and ventricle: studies with 
human cardiac tissue. Eur J Pharmacol 259:173–180. https://​
doi.​org/​10.​1016/​0014-​2999(94)​90507-x

Eggertsen PP, Palmfeldt J, Schytz HW, Hay D, Olsen RKJ, Nielsen 
JF (2024) Serum calcitonin gene-related peptide in patients with 
persistent post-concussion symptoms, including headache: a 
cohort study. J Neurol 271:2458–2472. https://​doi.​org/​10.​1007/​
s00415-​024-​12181-y

Faul F, Erdfelder E, Buchner A, Lang A-G (2009) Statistical power 
analyses using G*Power 3.1: tests for correlation and regression 
analyses. Behav Res Methods 41:1149–1160. https://​doi.​org/​10.​
3758/​BRM.​41.4.​1149

Fisher RA, Robertson SM, Olson MS (1988) Stimulation and homol-
ogous desensitization of calcitonin gene-related peptide recep-
tors in cultured beating rat heart cells. Endocrinology 123:106–
112. https://​doi.​org/​10.​1210/​endo-​123-1-​106

Franco-Cereceda A, Lundberg JM (1985) Calcitonin gene-related 
peptide (CGRP) and capsaicin-induced stimulation of heart con-
tractile rate and force. Naunyn Schmiedebergs Arch Pharmacol 
331:146–151. https://​doi.​org/​10.​1007/​BF006​34231

Franco-Cereceda A, Gennari C, Nami R, Agnusdei D, Pernow J, 
Lundberg JM, Fischer JA (1987) Cardiovascular effects of cal-
citonin gene-related peptides I and II in man. Circ Res 60:393–
397. https://​doi.​org/​10.​1161/​01.​res.​60.3.​393

Franco-Cereceda A, Bengtsson L, Lundberg JM (1987) Inotropic 
effects of calcitonin gene-related peptide, vasoactive intesti-
nal polypeptide and somatostatin on the human right atrium 
in vitro. Eur J Pharmacol 134:69–76. https://​doi.​org/​10.​1016/​
0014-​2999(87)​90132-4

Gennari C, Nami R, Agnusdei D, Fischer JA (1990) Improved car-
diac performance with human calcitonin gene related peptide in 
patients with congestive heart failure. Cardiovasc Res 24:239–
241. https://​doi.​org/​10.​1093/​cvr/​24.3.​239

Gergs U, Boknik P, Schmitz W, Simm A, Silber R-E, Neumann J 
(2009) A positive inotropic effect of adenosine in cardiac prep-
arations of right atria from diseased human hearts. Naunyn 
Schmiedebergs Arch Pharmacol 379:533–540. https://​doi.​org/​
10.​1007/​s00210-​008-​0374-8

Gergs U, Simm A, Bushnaq H, Silber R-E, Neumann J (2014) A 
positive inotropic effect of UTP in the human cardiac atrium. 
Eur J Pharmacol 724:24–30. https://​doi.​org/​10.​1016/j.​ejphar.​
2013.​12.​022

Hagner S, Stahl U, Knoblauch B, McGregor GP, Lang RE (2002) 
Calcitonin receptor-like receptor: identification and distribution 
in human peripheral tissues. Cell Tissue Res 310:41–50. https://​
doi.​org/​10.​1007/​s00441-​002-​0616-x

Ishikawa T, Okamura N, Saito A, Masaki T, Goto K (1988) Positive 
inotropic effect of calcitonin gene-related peptide mediated by 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/BF00512942
https://doi.org/10.1007/BF00795362
https://doi.org/10.1007/BF00795362
https://doi.org/10.1002/cpdd.1034
https://doi.org/10.1002/cpdd.1034
https://doi.org/10.1536/ihj.18.214
https://doi.org/10.1038/s42003-021-02293-w
https://doi.org/10.1038/s42003-021-02293-w
https://doi.org/10.1007/s40265-020-01300-4
https://doi.org/10.1074/jbc.273.32.20168
https://doi.org/10.1016/0014-2999(94)90507-x
https://doi.org/10.1016/0014-2999(94)90507-x
https://doi.org/10.1007/s00415-024-12181-y
https://doi.org/10.1007/s00415-024-12181-y
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.1210/endo-123-1-106
https://doi.org/10.1007/BF00634231
https://doi.org/10.1161/01.res.60.3.393
https://doi.org/10.1016/0014-2999(87)90132-4
https://doi.org/10.1016/0014-2999(87)90132-4
https://doi.org/10.1093/cvr/24.3.239
https://doi.org/10.1007/s00210-008-0374-8
https://doi.org/10.1007/s00210-008-0374-8
https://doi.org/10.1016/j.ejphar.2013.12.022
https://doi.org/10.1016/j.ejphar.2013.12.022
https://doi.org/10.1007/s00441-002-0616-x
https://doi.org/10.1007/s00441-002-0616-x


11918	 Naunyn-Schmiedeberg's Archives of Pharmacology (2025) 398:11909–11918

cyclic AMP in guinea pig heart. Circ Res 63:726–734. https://​
doi.​org/​10.​1161/​01.​res.​63.4.​726

Kaumann AJ, Levy FO (2006) 5-hydroxytryptamine receptors in the 
human cardiovascular system. Pharmacol Ther 111:674–706. 
https://​doi.​org/​10.​1016/j.​pharm​thera.​2005.​12.​004

Li X-N, Xu H-R, Cui E, Petersen KB, Ryding J, Ettrup A, Østergaard 
JB, Larsen F (2023) Pharmacokinetics and safety of eptine-
zumab in healthy Chinese participants: a randomized clinical 
trial. Clin Drug Investig 43:873–881. https://​doi.​org/​10.​1007/​
s40261-​023-​01315-1

Markham A (2018) Erenumab: first global approval. Drugs 78:1157–
1161. https://​doi.​org/​10.​1007/​s40265-​018-​0944-0

Messlinger K, Vogler B, Kuhn A, Sertel-Nakajima J, Frank F, 
Broessner G (2021) CGRP measurements in human plasma - a 
methodological study. Cephalalgia 41:1359–1373. https://​doi.​
org/​10.​1177/​03331​02421​10241​61

Nakajima T, Takikawa R, Sugimoto T, Kurachi Y (1991) Effects of 
calcitonin gene-related peptide on membrane currents in mam-
malian cardiac myocytes. Pflugers Arch 419:644–650. https://​doi.​
org/​10.​1007/​BF003​70309

Neumann J, Hofmann B, Dhein S, Gergs U (2023) Glucagon and its 
receptors in the mammalian heart. Int J Mol Sci 24:12829. https://​
doi.​org/​10.​3390/​ijms2​41612​829

Ono K, Delay M, Nakajima T, Irisawa H, Giles W (1989) Calcitonin 
gene-related peptide regulates calcium current in heart muscle. 
Nature 340:721–724. https://​doi.​org/​10.​1038/​34072​1a0

Pellesi L, Do TP, Hougaard A (2024) Pharmacological management 
of migraine: current strategies and future directions. Expert Opin 
Pharmacother 25:673–683. https://​doi.​org/​10.​1080/​14656​566.​
2024.​23497​91

Raggi A, Leonardi M, Arruda M, Caponnetto V, Castaldo M, Coppola 
G, Della Pietra A, Fan X, Garcia-Azorin D, Gazerani P, Grangeon 
L, Grazzi L, Hsiao F-J, Ihara K, Labastida-Ramirez A, Lange 
KS, Lisicki M, Marcassoli A, Montisano DA, Onan D, Onofri 
A, Pellesi L, Peres M, Petrušić I, Raffaelli B, Rubio-Beltran E, 
Straube A, Straube S, Takizawa T, Tana C, Tinelli M, Valeriani 
M, Vigneri S, Vuralli D, Waliszewska-Prosół M, Wang W, Wang 
Y, Wells-Gatnik W, Wijeratne T, Martelletti P (2024) Hallmarks 
of primary headache: part 1 - migraine. J Headache Pain 25:189. 
https://​doi.​org/​10.​1186/​s10194-​024-​01889-x

Rayo-Abella LM, Grundig P, Bernhardt MN, Hofmann B, Neumann 
J, Gergs U (2023) OR-1896 increases force of contraction in the 
isolated human atrium. Naunyn Schmiedebergs Arch Pharmacol 
396:3823–3833. https://​doi.​org/​10.​1007/​s00210-​023-​02592-5

Rosenfeld MG, Amara SG, Roos BA, Ong ES, Evans RM (1981) 
Altered expression of the calcitonin gene associated with RNA 
polymorphism. Nature 290:63–65. https://​doi.​org/​10.​1038/​29006​
3a0

Russo AF, Hay DL (2023) CGRP physiology, pharmacology, and thera-
peutic targets: migraine and beyond. Physiol Rev 103:1565–1644. 
https://​doi.​org/​10.​1152/​physr​ev.​00059.​2021

Saetrum Opgaard O, Hasbak P, de Vries R, Saxena PR, Edvinsson L 
(2000) Positive inotropy mediated via CGRP receptors in isolated 
human myocardial trabeculae. Eur J Pharmacol 397:373–382. 
https://​doi.​org/​10.​1016/​s0014-​2999(00)​00233-8

Schwarz R, Hofmann B, Gergs U, Neumann J (2024) Cantharidin 
and sodium fluoride attenuate the negative inotropic effect of the 
A1-adenosine receptor agonist N6-(R)-phenylisopropyl adenosine 
in isolated human atria. Naunyn Schmiedebergs Arch Pharmacol. 
https://​doi.​org/​10.​1007/​s00210-​024-​03402-2

Schwarz R, Hofmann B, Gergs U, Neumann J (2024) Cantharidin 
and sodium fluoride attenuate the negative inotropic effects of 
carbachol in the isolated human atrium. Naunyn Schmiede-
bergs Arch Pharmacol 397:2183–2202. https://​doi.​org/​10.​1007/​
s00210-​023-​02747-4

Shi L, Lehto SG, Zhu DXD, Sun H, Zhang J, Smith BP, Immke DC, 
Wild KD, Xu C (2016) Pharmacologic characterization of AMG 
334, a potent and selective human monoclonal antibody against 
the calcitonin gene-related peptide receptor. J Pharmacol Exp 
Ther 356:223–231. https://​doi.​org/​10.​1124/​jpet.​115.​227793

Sigrist S, Franco-Cereceda A, Muff R, Henke H, Lundberg JM, Fischer 
JA (1986) Specific receptor and cardiovascular effects of calci-
tonin gene-related peptide. Endocrinology 119:381–389. https://​
doi.​org/​10.​1210/​endo-​119-1-​381

Vu T, Ma P, Chen JS, de Hoon J, van Hecken A, Yan L, Wu LS, Ham-
ilton L, Vargas G (2017) Pharmacokinetic-pharmacodynamic 
relationship of erenumab (AMG 334) and capsaicin-induced 
dermal blood flow in healthy and migraine subjects. Pharm Res 
34:1784–1795. https://​doi.​org/​10.​1007/​s11095-​017-​2183-6

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1161/01.res.63.4.726
https://doi.org/10.1161/01.res.63.4.726
https://doi.org/10.1016/j.pharmthera.2005.12.004
https://doi.org/10.1007/s40261-023-01315-1
https://doi.org/10.1007/s40261-023-01315-1
https://doi.org/10.1007/s40265-018-0944-0
https://doi.org/10.1177/03331024211024161
https://doi.org/10.1177/03331024211024161
https://doi.org/10.1007/BF00370309
https://doi.org/10.1007/BF00370309
https://doi.org/10.3390/ijms241612829
https://doi.org/10.3390/ijms241612829
https://doi.org/10.1038/340721a0
https://doi.org/10.1080/14656566.2024.2349791
https://doi.org/10.1080/14656566.2024.2349791
https://doi.org/10.1186/s10194-024-01889-x
https://doi.org/10.1007/s00210-023-02592-5
https://doi.org/10.1038/290063a0
https://doi.org/10.1038/290063a0
https://doi.org/10.1152/physrev.00059.2021
https://doi.org/10.1016/s0014-2999(00)00233-8
https://doi.org/10.1007/s00210-024-03402-2
https://doi.org/10.1007/s00210-023-02747-4
https://doi.org/10.1007/s00210-023-02747-4
https://doi.org/10.1124/jpet.115.227793
https://doi.org/10.1210/endo-119-1-381
https://doi.org/10.1210/endo-119-1-381
https://doi.org/10.1007/s11095-017-2183-6

	Ubrogepant, erenumab, and eptinezumab antagonize positive inotropic effects of the calcitonin gene–related peptide in the isolated human atrium
	Abstract
	Introduction
	Materials and methods
	Contractile studies on human atrial preparations
	Data analysis
	Drugs and materials

	Results
	Discussion
	Acknowledgements 
	References


