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Background: Calcitonin gene-related peptide (CGRP) dilates cranial arteries and
triggers headache. The CGRP signaling pathway is partly dependent on activation of
ATP-sensitive potassium (KATP) channels. Here, we investigated the effect of the KATP

channel blocker glibenclamide on CGRP-induced headache and vascular changes in
healthy volunteers.

Methods: In a randomized, double-blind, placebo-controlled, cross-over study, 20
healthy volunteers aged 18–27 years were randomly allocated to receive an intravenous
infusion of 1.5 µg/min CGRP after oral pretreatment with glibenclamide (glibenclamide-
CGRP day) or placebo (placebo-CGRP day). The primary endpoints were the
difference in incidence of headache and the difference in area under the curve (AUC)
for headache intensity scores (0–14 h) between glibenclamide and placebo. The
secondary endpoints were the difference in AUC for middle cerebral artery blood flow
velocity (VMCA), superficial temporal artery (STA) and radial artery (RA) diameter, facial
flushing, heart rate (HR) and mean arterial blood pressure (MAP) (0–4 h) between
glibenclamide and placebo.

Results: We found no significant difference in the incidence of headache between
glibenclamide-CGRP day (14/20, 70%) and placebo-CGRP day (19/20, 95%) (P = 0.06).
The AUC for headache intensity, VMCA, STA, RA, facial skin blood flow, HR, and
MAP did not differ between glibenclamide-CGRP day compared to placebo-CGRP day
(P > 0.05).

Conclusion: Pretreatment with a non-selective KATP channel inhibitor glibenclamide
did not attenuate CGRP-induced headache and hemodynamic changes in healthy
volunteers. We suggest that CGRP-induced responses could be mediated via activation
of specific isoforms of sulfonylurea receptor subunits of KATP channel.
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INTRODUCTION

Calcitonin gene-related peptide (CGRP) is a potent vasodilator
of cranial arteries (Brain et al., 1985; Falkenberg et al., 2020)
and intravenous infusion of CGRP causes headache in healthy
volunteers (Petersen et al., 2005b; Falkenberg et al., 2020)
and migraine attacks in migraine patients (Lassen et al.,
2002; Hansen et al., 2010; Ashina, 2020; Iljazi et al., 2020;
Ashina et al., 2021). The molecular mechanisms by which
CGRP mediates head pain are still unclear (Ashina et al.,
2019). Recent studies suggested KATP channels as downstream
effectors in the CGRP signaling pathway (Nelson et al., 1990;
Kitazono et al., 1993; Quayle et al., 1994; Kleppisch and
Nelson, 1995). KATP channels are expressed in neurons, vascular
endothelium, and smooth muscle cells. These channels are
involved in diverse physiological processes including insulin
secretion, regulation of vascular tone, and protecting against
metabolic stress (Al-Karagholi et al., 2017, 2019a, 2020b). In
human provocation studies, KATP channel opener levcromakalim
induces headache and migraine (Al-Karagholi et al., 2019b,c,
2020a, 2021a).

The widely used antidiabetic drug, glibenclamide, is a non-
selective KATP channel inhibitor that belongs to the second-
generation of sulfonylurea (Luzi and Pozza, 1997; Hibino et al.,
2010). Preclinical evidence has demonstrated that glibenclamide
attenuates CGRP-induced cranial artery dilation (Gozalov et al.,
2005, 2008; Al-karagholi et al., 2019d) and trigeminal pain
transmission (Christensen et al., 2020). In this study, we
hypothesized that glibenclamide would inhibit CGRP-induced
headache and vascular changes. To investigate this, we conducted
a double-blind, randomized, placebo-controlled, crossover study
in healthy volunteers.

MATERIALS AND METHODS

Twenty healthy volunteers were recruited through the
Danish website1. Written informed consent was obtained
from all participants after detailed oral and written study
information. The female participants were required to have
sufficient contraception [contraceptive pill or intrauterine
device/system (IUD/IUS)]. Exclusion criteria were: (1) history of
cardiovascular or cerebrovascular disease, diabetes mellitus,
or hypercholesterolemia, (2) electrocardiogram (ECG)
changes indicative of myocardial ischemia or hypertrophy,
(3) hypertension at baseline on an experimental day (defined
as a systolic blood pressure above 150 mmHg or a diastolic
blood pressure above 100 mmHg), (4) current pregnancy
or breastfeeding, (5) daily intake of medication (except oral
contraceptives), (6) daily smoking within last 5 years, (7)
first-degree relatives with a history of diabetes mellitus,
and (8) history of any primary headache disorders (except
episodic tension-type headache for <2 days per month
during the last year) or first-degree family members with
migraine as defined by the third International Classification

1www.forsogsperson.dk

of Headache Disorders (ICHD) (Vincent and Wang, 2018).
A full medical examination and ECG were performed on the
day of recruitment.

The study was approved by the Ethics Committee of
the Capital Region of Denmark (H-19065735) and the
Danish Data Protection Agency, and was conducted
according to the Declaration of Helsinki of 1964,
with later revisions. The study was also registered at
ClinicalTrials.gov (NCT04231617).

Experimental Design and Randomization
In a double-blind, placebo-controlled, crossover design, the
participants were in a balanced order randomly allocated to
receive an intravenous infusion of 1.5 µg/min CGRP over 20 min,
2 h after oral pretreatment with either 10 mg glibenclamide
(Hexaglucon, Sandoz) or placebo (calcium supplement tablet)
on 2 days separated by at least 1 week (Figure 1). Preparation
of the study drug was performed by the Capital Region
Central Pharmacy. Randomization and drug allocation were
carried out by personal unrelated to the study to ensure
study staff, participants and investigator remained blinded.
Investigators had no access to the randomization code until the
study was completed.

Participants arrived non-fasting at the clinic between 8:00
and 9:00 AM on each study day. The participants were placed
in the supine position and a venous catheter was inserted into
the left and right antecubital vein for drug (CGRP) and 20%
glucose infusion. Then, participants rested for at least 30 min
before baseline measurements of vital signs were performed. The
infusion started using a time and volume-controlled infusion
pump. Vital signs including mean arterial blood pressure (MAP),
heart rate (HR), respiratory rate, blood oxygen saturation
and nasal end-tidal CO2 tension were continuously monitored
and recorded every 10 min (ProPac Encore; Welch Allyn
Protocol) (Figure 2). Room temperature was continuously
monitored and recorded every 5 min. Facial flushing was
measured by speckle contrast imager (moorFLPI; Full Laser
Perfusion Imager). The contrast imager was placed 30 cm
perpendicularly above the face of the participants and measured
the skin blood flow automatically every 5 s as previously
described (Ghanizada et al., 2020a). Middle cerebral artery blood
flow velocity (VMCA), left superficial temporal artery (STA)
diameter, left radial artery (RA) diameter, and end-tidal partial
pressure of CO2 (PetCO2) were recorded as previously described
(Petersen et al., 2005a).

MA and HG evaluated eligibility, obtained informed
consent, and enrolled the participants. Experiments were
carried out at the Danish Headache Center, Department of
Neurology, Rigshospitalet Glostrup from February 01, 2020 to
September 01, 2020.

Headache and Accompanying Symptoms
Immediately before oral glibenclamide or placebo
administration, and every 10 min after the administration,
we asked participants specifically about the presence
of headache, nausea, photophobia, and phonophobia.
The features of headache including intensity, location,
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FIGURE 1 | Twenty healthy volunteers (11 women and 9 men) were randomly allocated to receive oral glibenclamide or placebo followed by a 20 min
CGRP-infusion. The two study days were separated by at least 7 days to ensure proper wash-out.

FIGURE 2 | Timeline of the procedure during hospital phase (0–240 min) and post-hospital phase (1–10 h).

FIGURE 3 | Individual (black lines) and median (red line) headache intensity after glibenclamide and placebo, n = 20. All participants received CGRP-infusion at
120 min. On glibenclamide-CGRP day 14 reported headache and on placebo-CGRP day 19 participants reported headache. We found no difference in headache
incidence and intensity between glibenclamide-CGRP and placebo-CGRP day (P = 0.06).
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TABLE 1 | Clinical characteristics of headache and associated symptoms in healthy volunteers after glibenclamide and placebo (0–14 h observation period).

Participants Peak headache (duration
of headache)

Headache characteristics Associated symptoms Migraine-like attacks
(onset)

Treatment
(time)/efficacy

1

Glibenclamide-CGRP None

Placebo-CGRP 140 min (40 min) Bilat/1/press/− − / − / − no None

2

Glibenclamide-CGRP 130 min (420 min) Bilat/3/press/+ − / − /− no None

Placebo-CGRP 150 min (310 min) Bilat/2/press/− − / − /− no None

3

Glibenclamide-CGRP 140 min (420 min) Bilat/2/press+throb/+ − / − /− no Paracetamol 1 g
(9 h/ yes)

Placebo-CGRP 130 min (440 min) Bilat/3/press+throb/+ − / − /− no Paracetamol 1 g
(7 h/ yes)

4

Glibenclamide-CGRP 140 min (80 min) Bilat/1/press/− + / − /− no None

Placebo-CGRP 130 min (50 min) Bilat/1/press+throb/− + / − /− no None

5

Glibenclamide-CGRP 130 min (250 min) Bilat/6/throb/+ +/ − /− Yes None

Placebo-CGRP 10 min (90 min) Bilat/1/throb+ press/+ −/ − /− no None

6

Glibenclamide-CGRP None

Placebo-CGRP 130 min (30 min) Bilat/1/throb/− − / − /− no None

7

Glibenclamide-CGRP none

Placebo-CGRP 180 min (170 min) unileft/3/press+throb/− − / + /− no None

8

Glibenclamide-CGRP 540 min (550 min) Bilat/6/press+throb/− − / − /+ no Paracetamol 1 g
(11 h/ yes)

Placebo-CGRP 540 min (150 min) Bilat/4/press+throb/− − / − /+ no None

9

Glibenclamide-CGRP 130 min (50 min) Bilat/1/press+throb/− − / − /− no None

Placebo-CGRP 130 min (30 min Bilat/1/throb/− − / − /− no None

10

Glibenclamide-CGRP None

Placebo-CGRP 140 min (20 min) bilat/3/press/− − / − /− no None

11

Glibenclamide-CGRP None

Placebo-CGRP None

12

Glibenclamide-CGRP 130 min (120 min) bilat/1/press+throb/+ +/ + /+ Yes None

Placebo-CGRP 130 min (120 min) bilat/1/press+throb/+ +/ + /+ Yes None

13

Glibenclamide-CGRP 140 min (170 min) bilat/5/press+throb/− −/ + /+ Yes None

Placebo-CGRP 160 min (70 min) bilat/6/press+throb/− +/ + /− Yes None

14

Glibenclamide-CGRP 150 min (140 min) bilat/3/press+throb/+ −/ − /− no None

Placebo-CGRP 140 min (100 min) bilat/4/press+throb/+ −/ + /− no None

15

Glibenclamide-CGRP 130 min (30 min) bilat/1/press/+ −/ − /− no None

Placebo-CGRP 130 min (30 min) bilat/1/press/− −/ − /− no None

16

Glibenclamide-CGRP 540 min (440 min) bilat/8/press/− +/ − /+ no None

Placebo-CGRP 150 min (450 min) bilat/2/press/+ +/ + /− no None

(Continued)
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TABLE 1 | Continued

Participants Peak headache (duration
of headache)

Headache characteristicsa Associated symptomsb Migraine-like attacks
(onset)c

Treatment
(time)/efficacyd

17

Glibenclamide-CGRP 240 min (430 min) bilat/2/press+throb/− −/ − /− no None

Placebo-CGRP 140 min (20 min) bilat/1/throb/− +/ − /− no None

18

Glibenclamide-CGRP none

Placebo-CGRP 160 min (410 min) bilat/2/press+throb/+ − / − /− no None

19

Glibenclamide-CGRP 150 min (90 min) bilat/1/ throb/− + / − /+ no None

Placebo-CGRP 130 min (610 min) bilat/1/ press+throb /+ − / − /− no None

20

Glibenclamide-CGRP 540 min (180 min) bilat/1/ press /− +/ − /− no None

Placebo-CGRP 130 min (70 min) diffus/1/ throb /+ −/ − /− no None

FIGURE 4 | (A) Effect of glibenclamide and placebo on middle cerebral artery (MCA) as changes in velocity (cm/s), n = 20. There was no difference in AUC0−240 min

for VMCA between glibenclamide-CGRP and placebo-CGRP day. (B) Changes in end-tidal pCO2 were monitored during MCA-measurements. There was no
difference in changes in end-tidal PCO2 (PetCO2) between two experimental days. (C) Changes in superficial temporal artery (STA) in diameter (mm). There was no
difference in AUC0−240 min for STA between glibenclamide-CGRP and placebo-CGRP day. (D) Changes in radial artery (RA) diameter (mm). No changes in
AUC0−240 min for RA diameter was observed between glibenclamide-CGRP and placebo-CGRP day.

throbbing/pressing and aggravation by activity were
recorded using a standardized questionnaire. Headache
intensity was recorded on a numerical rating scale (NRS
0–10) rating pain from none (NRS 0) to maximum
imaginable (NRS 10). The participants completed the

headache questionnaires hourly until 10 h (waking hours)
after discharge from the clinic (Figure 2). If the symptoms
fulfilled ICHD-3 beta criteria C and D for migraine without
aura (Vincent and Wang, 2018), they were characterized as
migraine-like attacks.

Frontiers in Physiology | www.frontiersin.org 5 June 2021 | Volume 12 | Article 652136

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-652136 June 5, 2021 Time: 17:14 # 6

Coskun et al. Headache and KATP Channel

Glucose Infusion
Plasma glucose concentrations were monitored during a
20 min baseline period before the administration of oral
glibenclamide/placebo. After the start, and when initial fasting
glycaemia had declined by 10%, blood glucose concentrations
were clamped around this level (4–7 mmol/L) by 20% glucose
infusion. Glucose infusion rates (GIRs) is based on a previous
study (Ampudia-Blasco et al., 1994). Infusion rates (IRs)
necessary to maintain stable blood glucose after drug intake were
registered and adjusted throughout the ensuing 240 min. The
following standard formula was used to calculate the IR taking
the participants weight into account and ignoring factors such as
gender, age and basal metabolic rate:

Infusion rate
(

ml
hr

) GIR mg
kg×min×weight

(
kg

)
×60 min

hr

concentration g
100ml×1, 000 mg

g /100

Twenty-nine blood samples were obtained for the determination
of glucose during the experiment period. Blood samples were
drawn at 5 min intervals between 30 and 90 min, and at
10 min intervals thereafter. The venous blood samples were
drawn from the intravenous catheter using a blood gas aspirator

(Radiometer, SafePICO, self-filling blood gas syringe) and the
blood glucose concentrations were determined with a blood gas
analyzer (Radiometer, ABL90 FLEX).

Statistics and Data Analysis
Baseline was defined as T0 before the start of oral glibenclamide
or placebo administration. For glucose measurement, the
baseline was defined as T−20 to 0 before the start. Calculation
of sample size was based on previous similar studies (Vollesen
et al., 2019; Ghanizada et al., 2020b). We aimed to detect a
50% difference at 5% significance with 90% power between
glibenclamide compared to placebo. We estimated that 17
participants are needed, and we included 20 subjects to ensure
power. Headache intensity scores are presented as median
(range). The primary endpoints were the difference in incidence
of headache and the difference in area under the curve
(AUC) for headache intensity scores between two experimental
days: glibenclamide-CGRP day (oral glibenclamide followed by
infusion of CGRP) versus placebo-CGRP day (oral placebo
followed by infusion of CGRP). The secondary endpoints
included: the difference in AUC for VMCA, STA, RA, HR, MAP,
and facial skin blood flow between two experimental days.

FIGURE 5 | (A) Changes in heart rate (bpm) were registered every 10 min. Heart rate did not differ between glibenclamide-CGRP and placebo-CGRP day. (B)
Changes in mean arterial blood pressure (MAP) in mmHg. MAP did not differ between glibenclamide-CGRP and placebo-CGRP day. (C) Facial skin blood flow
measured with Laser Speckle as changes in flux. No changes in AUC0−240 min for facial skin blood flow were observed between glibenclamide-CGRP
(157.5 ± 15.4) and placebo-CGRP day (160.8 ± 14.5; P = 0.3). (D) Blood glucose samples were drawn at 5 min intervals between 30 and 90 min, and at 10 min
intervals hereafter. Blood glucose was clamped between 4 and 7 mmol/L.
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FIGURE 6 | Facial skin blood flow changes measured with laser speckle on (A) glibenclamide-CGRP day and (B) placebo-CGRP day between T0 and T240 min. Blue
areas indicate low blood flow, green moderate blood flow, and red high blood flow (Kazmi et al., 2015; Ghanizada et al., 2020a). Upon CGRP infusion at T120 min

facial skin blood flow increased on both days.

We used the trapezoidal rule to calculate AUC to analyse the
differences in response between glibenclamide and placebo. We
used Wilcoxon signed rank test to analyse headache intensity
scores, paired two-way t-test to analyse other variables, and
Mann–Whitney U test and independent t-test to assess period
and carry-over effects for all variables. Binary categorical data
including the incidence of headache, accompanying symptoms
and adverse events were analyzed with McNemar’s test. All
analyses were performed with SPSS Statistics version 23 for
Windows and a P-value < 0.05 was considered as the level
of significance.

Data Availability
The data supporting the findings in the present study are available
from the corresponding author, upon reasonable request.

RESULTS

Twenty healthy volunteers (11 women and 9 men) completed
both days of the study. The mean age was 23 years (range 18–27)
and mean bodyweight was 72 kg (range 51–94, body mass index
range 18–25). There was no difference between the right and left-
sided MCA, and therefore the average of both sides was used.
There was no carry-over or period effect for values of headache,
HR, MAP, VMCA, STA, or RA.

Headache and Associated Symptoms
Fourteen participants reported headache on glibenclamide-
CGRP day (14/20, 70%) compared to 19 on placebo-CGRP day
(19/20, 95%; P = 0.06). The median peak headache intensity
score was 1 (range 1–8) (Figure 3) and the median time to
peak headache score was 140 min (range 10 min–9 h) on both
study days (Table 1). Median headache duration was 105 min on
glibenclamide-CGRP day and 95 min on placebo-CGRP day. We
found no difference in the AUC0−14 h for headache intensity after
glibenclamide (5.08 ± 7.4) compared with placebo (6.18 ± 10.5;
P = 0.69). Three participants reported migraine-like attacks after
glibenclamide compared with two after placebo (Table 1).

The Hemodynamic Effects
We observed a 21% decrease in VMCA, 41% dilation of STA
and 23% dilation of RA at the end of CGRP infusion (20 min
after infusion start) on both days. We found no difference in
the AUC0−240 min for VMCA between glibenclamide-CGRP day
(83.4 ± 8.5) and placebo-CGRP day (85.5 ± 7.7; P = 0.13)
(Figures 4A,B). There was no difference in the AUC0−240 min
for STA after glibenclamide (1.4 ± 0.33) compared with placebo
(1.4 ± 0.29; P = 0.75) and in the AUC0−240 min for RA after
glibenclamide (2.7 ± 0.36) compared with placebo (2.8 ± 0.31;
P = 0.24) (Figures 4C,D). Pretreatment with glibenclamide
caused no change in HR and MAP compared with placebo
(Figures 5A,B). Glucose fluctuations due to glibenclamide
treatment were avoided by clamping glucose between 4 and 7
mmol/L (Figure 5D). CGRP increased facial skin blood flow
on both days (Figures 5C, 6). We found no difference in the
AUC0−240 min for facial skin blood flow after glibenclamide
(157.5± 15.4) compared with placebo (160.8± 14.5; P = 0.3).

Adverse Events
The number of participants who reported flushing, heat sensation
and palpitation after glibenclamide did not differ from placebo
(P > 0.05). Eleven participants experienced fatigue after
glibenclamide compared to 4 participants after placebo, and 5
participants experienced thirst after glibenclamide compared to
none after placebo (Table 2).

TABLE 2 | Incidence of adverse events 0–14 h after glibenclamide or placebo.

Adverse event Glibenclamide-CGRP Placebo-CGRP

Fatigue 11 4

Flushing 20 20

Warm sensation 19 20

Yawn urge 2 1

Thirst 5 0

Neck stiffness 3 4

Palpitation 18 17
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DISCUSSION

The major outcome of the present study was that KATP
channel inhibitor glibenclamide did not affect CGRP-induced
headache and vascular changes. The CGRP-induced headache
and vascular changes reported in the present study were
consistent with previous studies (Petersen et al., 2005b;
Hansen et al., 2010; Ashina et al., 2018; Falkenberg et al.,
2020). Petersen et al. showed that pretreatment with the
CGRP receptor antagonist BIBN4096BS inhibited headache and
extracranial vasodilation after intravenous infusion of 1.5µg/min
CGRP over 20 min.

In vivo studies showed that glibenclamide attenuated CGRP-
induced vasodilation in basilar (Kitazono et al., 1993; Faraci
and Sobey, 1998), pial (Hong et al., 1996), and dural arteries
(Gozalov et al., 2008). The inhibitory effect of glibenclamide
on CGRP-induced vasodilation was dose-dependent, and high
doses were necessary to observe an effect (Gozalov et al., 2008).
Intravenous glibenclamide administration at concentrations of
20–30 mg/kg attenuated CGRP-induced vasodilation (Gozalov
et al., 2008), and i.p. injection of 1 and 10 mg/kg glibenclamide
attenuated trigeminal pain transmission in rats with spontaneous
trigeminal allodynia (Christensen et al., 2020). Since we observed
the participants for 5 h, we used 10 mg per oral glibenclamide
which is the maximal single dose tested in humans (Williams
et al., 1998; Bayerle-Eder et al., 2000; Gori et al., 2005;
Hougaard et al., 2020). This corresponds to 0.14 mg/kg, which
is substantially lower than doses used in preclinical models.
This might explain the insufficient glibenclamide effect to
counteract the CGRP-induced vascular changes. However, using
equivalent doses in humans would cause severe hypoglycemia
and cannot be reasoned.

Interestingly, in vitro studies showed that glibenclamide did
not affect CGRP-induced dilation of dural arteries and MCA
(Kageyama et al., 1993; Gao et al., 1994; Gozalov et al., 2008). In
rat coronary arteries, only the combination of glibenclamide and
a calcium-activated K+ (BKCa) channel blocker charybdotoxin
could attenuate the effect of CGRP on arteries in vitro
(Sheykhzade and Berg Nyborg, 2001) suggesting a dual action
of KATP and BKCa channels in CGRP-induced vasodilation. The
role of BKCa is recently implicated in headache and migraine
patophysiology (Al-Karagholi et al., 2020d, 2021b). Possible
involvement of other type of potassium channels in CGRP-
induced vasodilation cannot be ruled out. Altogether, these data
suggest that interspecies differences are likely to contribute to the
discrepancy in the findings of glibenclamide on CGRP-induced
vascular effects.

Binding of CGRP to the CGRP-receptor complex on
vascular smooth muscle cells (VSMCs) (Eftekhari et al.,
2013; Edvinsson et al., 2018) mediates an activation of the

cyclic adenosine monophosphate-protein kinase A (cAMP-PKA)
pathway resulting in potassium efflux through KATP channels,
hyperpolarization, and eventually relaxation and vasodilation
(Hong et al., 1996; Williams et al., 1998; Ashina et al., 2021). KATP
channels consist of different isoforms of sulfonylurea receptor
subunits (SUR1, SUR2A, and SUR2B) (Kokoti et al., 2020). SUR1
are expressed in the pancreas (Babenko et al., 2000), the TG
and the trigeminal nucleus caudalis (TNC) (Ploug et al., 2012).
The SUR2B isoform is of vascular origin and highly expressed
in cranial arteries (Ploug et al., 2008a,b, 2012). Glibenclamide is
a non-specific SUR subunit blocker shown to have high affinity
for SUR1 and low affinity for SUR2B (Inagaki et al., 1996;
Stephan et al., 2006). SUR subunits are downstream molecules in
CGRP signaling cascades, and whether CGRP receptors and SUR
subunits have a cross-reactivity at the same cellular level is yet
to be demonstrated. Thus, the results of the present study might
be explained by different affinity of glibenclamide and CGRP
signaling pathway to SUR isoforms.

In conclusion, we found that pretreatment with glibenclamide
did not affect CGRP-induced headache and vascular responses.
Our findings could suggest that: (1) the potency of used
glibenclamide concentration is too low to result in any
measurable effects on CGRP-induced headache and vasodilation,
(2) CGRP-induced headache and vascular responses could be
initiated by activation of SUR2B KATP channel (Al-Karagholi
et al., 2017), and/or (3) interspecies differences might influence
the role of KATP channel in CGRP signaling pathway. To clarify
the molecular interaction in the CGRP signaling pathway, more
studies on specific isoforms of sulfonylurea receptor subunits of
KATP channel in humans are needed.

DATA AVAILABILITY STATEMENT

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

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the Capital Region of
Denmark (H-19065735). The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES
Al-Karagholi, M. A., Ghanizada, H., Nielsen, C. A. W., Hougaard, A.,

and Ashina, M. (2021a). Opening of ATP sensitive potassium channels
causes migraine attacks with aura. Brain:awab136. doi: 10.1093/brain/
awab136 [Epub ahead of print].

Al-karagholi, M. A., Sode, M., Gozalov, A., and Ashina, M. (2019d). The
vascular effect of glibenclamide?: A systematic review. Cephalalgia Rep.
2:251581631988493. doi: 10.1177/2515816319884937

Al-Karagholi, M. A. M., Aghazadeh, S., Skovgaard, L. T., and Olesen, J.
(2019a). Extracranial activation of ATP-sensitive potassium channels induces
vasodilation without nociceptive effects. Cephalalgia 39, 1789-1797.

Frontiers in Physiology | www.frontiersin.org 8 June 2021 | Volume 12 | Article 652136

https://doi.org/10.1093/brain/awab136
https://doi.org/10.1093/brain/awab136
https://doi.org/10.1177/2515816319884937
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-652136 June 5, 2021 Time: 17:14 # 9

Coskun et al. Headache and KATP Channel

Al-Karagholi, M. A. M., Ghanizada, H., Hansen, J. M., Skovgaard, L. T., Olesen, J.,
Larsson, H. B. W., et al. (2019b). Levcromakalim, an adenosine triphosphate-
sensitive potassium channel opener, dilates extracerebral but not cerebral
arteries. Headache 59, 1468–1480. doi: 10.1111/head.13634

Al-Karagholi, M. A.-M., Ghanizada, H., Nielsen, C. A. W., Skandarioon, C.,
Snellman, J., Lopez, C. L., et al. (2020d). Opening of BKCa channels alters
cerebral hemodynamic and causes headache in healthy volunteers. Cephalalgia
40, 1145–1154. doi: 10.1177/0333102420940681

Al-Karagholi, M. A.-M, Ghanizada, H., Nielsen, C. A. W., Skandarioon, C.,
Snellman, J., Lopez-Lopez, C., et al. (2021b). Opening of BKCa channels causes
migraine attacks. PAIN doi: 10.1097/j.pain.0000000000002238

Al-Karagholi, M. A. M., Ghanizada, H., Kokoti, L., Paulsen, J. S., Hansen, J. M.,
and Ashina, M. (2020a). Effect of KATP channel blocker glibenclamide on
levcromakalim-induced headache. Cephalalgia 40, 1045–1054. doi: 10.1177/
0333102420949863

Al-Karagholi, M. A. M., Ghanizada, H., Nielsen, C. A. W., Ansari, A., Gram, C.,
Younis, S., et al. (2020b). Cerebrovascular effects of glibenclamide investigated
using high-resolution magnetic resonance imaging in healthy volunteers.
J. Cereb. Blood Flow Metab. 7:271678X20959294.

Al-Karagholi, M. A. M., Hansen, J. M., Guo, S., Olesen, J., and Ashina, M. (2019c).
Opening of ATP-sensitive potassium channels causes migraine attacks: a new
target for the treatment of migraine. Brain 142, 2644–2654. doi: 10.1093/brain/
awz199

Al-Karagholi, M. A. M., Hansen, J. M., Severinsen, J., Jansen-Olesen, I., and Ashina,
M. (2017). The KATP channel in migraine pathophysiology: a novel therapeutic
target for migraine. J. Headache Pain 18:90.

Ampudia-Blasco, F. J., Heinemann, L., Bender, R., Schmidt, A., Heise, T.,
Berger, M., et al. (1994). Comparative dose-related time-action profiles of
glibenclamide and a new non-sulphonylurea drug, AG-EE 623 ZW, during
euglycaemic clamp in healthy subjects. Diabetologia 37, 703–707. doi: 10.1007/
s001250050167

Ashina, H., Schytz, H. W., and Ashina, M. (2018). CGRP in human models
of primary headaches. Cephalalgia 38, 353–360. doi: 10.1177/03331024166
84344

Ashina, H., Schytz, H. W., and Ashina, M. (2019). CGRP in human models of
migraine. Handb. Exp. Pharmacol. 255, 109–120. doi: 10.1007/164_2018_128

Ashina, M. (2020). Migraine . N. Engl. J. Med. 383, 215–227.
Ashina, M., Terwindt, G. M., Al-Karagholi, M. A.-M., de Boer, I., Lee, M. J., Hay,

D. L., et al. (2021). Migraine: disease characterisation, biomarkers, and precision
medicine. Lancet 397, 1496–1504. doi: 10.1016/s0140-6736(20)32162-0

Babenko, A. P., Gonzalez, G. and Bryan, J (2000)Pharmaco-topology of
sulfonylurea receptors. Separate domains of the regulatory subunits of K(ATP)
channel isoforms are required for selective interaction with K(+) channel
openers. J. Biol. Chem. 275, 717–720. doi: 10.1074/jbc.275.2.717

Bayerle-Eder, M., Wolzt, M., Langenberger, H., Pleiner, J., Rainer, G., Eichler,
H. G., et al. (2000). Hypercapnia-induced cerebral and ocular vasodilation is
not altered by glibenclamide in humans. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 278, 1667–1673. doi: 10.1152/ajpregu.2000.278.6.R1667

Brain, S. D., Williams, T. J., Tippins, J. R., Morris, H. R., and MacIntyre, I. (1985).
Calcitonin gene-related peptide is a potent vasodilator. Nature 313, 54–56.
doi: 10.1038/313054a0

Christensen, S. L., Munro, G., Petersen, S., Shabir, A., Jansen-Olesen, I., Kristensen,
D. M., et al. (2020). ATP sensitive potassium (KATP) channel inhibition: a
promising new drug target for migraine. Cephalalgia 40, 650–664. doi: 10.1177/
0333102420925513

Edvinsson, L., Haanes, K. A., and Warfvinge, K. (2018). Krause DiN. CGRP as the
target of new migraine therapies - Successful translation from bench to clinic.
Nat. Rev. Neurol. 14, 338–350. doi: 10.1038/s41582-018-0003-1

Eftekhari, S., Warfvinge, K., Blixt, F. W., and Edvinsson, L. (2013). Differentiation
of nerve fibers storing CGRP and CGRP receptors in the peripheral
trigeminovascular system. J. Pain 14, 1289–1303. doi: 10.1016/j.jpain.2013.03.
010

Falkenberg, K., Rønde Bjerg, H., Yamani, N., and Olesen, J. (2020). Sumatriptan
does not antagonize CGRP-induced symptoms in healthy volunteers. Headache
60, 665–676. doi: 10.1111/head.13747

Faraci, F. M., and Sobey, C. G. (1998). Role of potassium channels in regulation
of cerebral vascular tone. J. Cereb. Blood Flow Metab. 18, 1047–1063. doi:
10.1097/00004647-199810000-00001

Gao, Y., Nishimura, Y., Suzuki, A., and Yoshida, K. (1994). Relaxant isolated effects
small of calcitonin renal arteries in stroke-prone rats peptide on spontaneously
hypertensive of rats. J. Smooth Muscle Res. 30, 9–19. doi: 10.1540/jsmr.30.9

Ghanizada, H., Al-Karagholi, M. A. M., Arngrim, N., Olesen, J., and Ashina,
M. (2020a). PACAP27 induces migraine-like attacks in migraine patients.
Cephalalgia 40, 57–67. doi: 10.1177/0333102419864507

Ghanizada, H., Iljazi, A., Ashina, H., Do, T. P., Al-Karagholi, M. A. M., Amin, F. M.,
et al. (2020b). Nocebo response in human models of migraine: a systematic
review and meta-analysis of randomized, double-blind, placebo-controlled,
two-way crossover trials in migraine without aura and healthy volunteers.
Cephalalgia 41, 99–111. doi: 10.1177/0333102420970489

Gori, T., Sicuro, S., Dragoni, S., Donati, G., Forconi, S., and Parker, J. D.
(2005). Sildenafil prevents endothelial dysfunction induced by ischemia
and reperfusion via opening of adenosine triphosphate-sensitive potassium
channels: a human in vivo study. Circulation 111, 742–746. doi: 10.1161/01.
cir.0000155252.23933.2d

Gozalov, A., Jansen-Olesen, I., Klaerke, D., and Olesen, J. (2008). Role of
KATP channels in cephalic vasodilatation induced by calcitonin gene-
related peptide, nitric oxide, and transcranial electrical stimulation
in the rat. Headache 48, 1202–1213. doi: 10.1111/j.1526-4610.2008.01
205.x

Gozalov, A., Petersen, K. A., Mortensen, C., Jansen-Olesen, I., Klaerke, D., and
Olesen, J. (2005). Role of KATP channels in the regulation of rat dura and
pia artery diameter. Cephalalgia 25, 249–260. doi: 10.1111/j.1468-2982.2004.
00848.x

Hansen, J. M., Hauge, A. W., Olesen, J., and Ashina, M. (2010). Calcitonin
gene-related peptide triggers migraine-like attacks in patients with
migraine with aura. Cephalalgia 30, 1179–1186. doi: 10.1177/033310241036
8444

Hibino, H., Inanobe, A., Furutani, K., Murakami, S., Findlay, I., and Kurachi, Y.
(2010). Inwardly rectifying potassium channels: their structure, function, and
physiological roles. Physiol. Rev. 90, 291–366. doi: 10.1152/physrev.00021.2009

Hong, K. W., Yoo, S. E., Suk, S. S., Lee, J. Y., and Rhim, B. Y. (1996).
Pharmacological coupling and functional role for CGRP receptors in the
vasodilation of rat pial arterioles. Am. J. Physiol. 270, 39–31.

Hougaard, A., Younis, S., Iljazi, A., Haanes, K. A., Lindberg, U., Vestergaard, M. B.,
et al. (2020). Cerebrovascular effects of endothelin-1 investigated using high-
resolution magnetic resonance imaging in healthy volunteers. J. Cereb. Blood
Flow Metab. 40, 1685–1694. doi: 10.1177/0271678x19874295

Iljazi, A., Ashina, H., Zhuang, Z. A., Lopez Lopez, C., Snellman, J., Ashina, M., et al.
(2020). Hypersensitivity to calcitonin gene-related peptide in chronic migraine.
Cephalalgia 41, 701–710. doi: 10.1177/0333102420981666

Inagaki, N., Gonoi, T., Clement, I. V. J. P., Wang, C. Z., Aguilar-Bryan, L., Bryan, J.,
et al. (1996). A family of sulfonylurea receptors determines the pharmacological
properties of ATP-sensitive K+ channels. Neuron 16, 1011–1017. doi: 10.1016/
s0896-6273(00)80124-5

Kageyama, M., Yanagisawa, T., and Taira, N. (1993). Calcitonin gene-
related peptide relaxes porcine coronary arteries via cyclic AMP-dependent
mechanisms, but not activation of ATP-sensitive potassium channels.
J. Pharmacol. Exp. Ther. 265, 490–497.

Kazmi, S. M. S., Richards, L. M., Schrandt, C. J., Davis, M. A., and Dunn, A. K.
(2015). Expanding applications, accuracy, and interpretation of laser speckle
contrast imaging of cerebral blood flow. J. Cereb. Blood Flow Metab. 35,
1076–1084. doi: 10.1038/jcbfm.2015.84

Kitazono, T., Heistad, D. D., and Faraci, F. M. (1993). Role of ATP-sensitive K+
channels in CGRP-induced dilatation of basilar artery in vivo. Am. J. Physiol.
265, 581–585.

Kleppisch, T., and Nelson, M. T. (1995). ATP-sensitive K+ currents in cerebral
arterial smooth muscle: pharmacological and hormonal modulation. Am. J.
Physiol. 269, 38–35.

Kokoti, L., Al-Karagholi, M. A. M., and Ashina, M. (2020). Latest insights into the
pathophysiology of migraine: the ATP-sensitive potassium channels. Curr. Pain
Headache Rep. 24, 77.

Lassen, L. H., Haderslev, P. A., Jacobsen, V. B., Iversen, H. K., Sperling, B., and
Olesen, J. (2002). CGRP may play a causative role in migraine. Cephalalgia 22,
54–61. doi: 10.1046/j.1468-2982.2002.00310.x

Luzi, L., and Pozza, G. (1997). Glibenclamide: an old drug with a novel mechanism
of action? Acta Diabetol. 34, 239–244. doi: 10.1007/s005920050081

Frontiers in Physiology | www.frontiersin.org 9 June 2021 | Volume 12 | Article 652136

https://doi.org/10.1111/head.13634
https://doi.org/10.1177/0333102420940681
https://doi.org/10.1097/j.pain.0000000000002238
https://doi.org/10.1177/0333102420949863
https://doi.org/10.1177/0333102420949863
https://doi.org/10.1093/brain/awz199
https://doi.org/10.1093/brain/awz199
https://doi.org/10.1007/s001250050167
https://doi.org/10.1007/s001250050167
https://doi.org/10.1177/0333102416684344
https://doi.org/10.1177/0333102416684344
https://doi.org/10.1007/164_2018_128
https://doi.org/10.1016/s0140-6736(20)32162-0
https://doi.org/10.1074/jbc.275.2.717
https://doi.org/10.1152/ajpregu.2000.278.6.R1667
https://doi.org/10.1038/313054a0
https://doi.org/10.1177/0333102420925513
https://doi.org/10.1177/0333102420925513
https://doi.org/10.1038/s41582-018-0003-1
https://doi.org/10.1016/j.jpain.2013.03.010
https://doi.org/10.1016/j.jpain.2013.03.010
https://doi.org/10.1111/head.13747
https://doi.org/10.1097/00004647-199810000-00001
https://doi.org/10.1097/00004647-199810000-00001
https://doi.org/10.1540/jsmr.30.9
https://doi.org/10.1177/0333102419864507
https://doi.org/10.1177/0333102420970489
https://doi.org/10.1161/01.cir.0000155252.23933.2d
https://doi.org/10.1161/01.cir.0000155252.23933.2d
https://doi.org/10.1111/j.1526-4610.2008.01205.x
https://doi.org/10.1111/j.1526-4610.2008.01205.x
https://doi.org/10.1111/j.1468-2982.2004.00848.x
https://doi.org/10.1111/j.1468-2982.2004.00848.x
https://doi.org/10.1177/0333102410368444
https://doi.org/10.1177/0333102410368444
https://doi.org/10.1152/physrev.00021.2009
https://doi.org/10.1177/0271678x19874295
https://doi.org/10.1177/0333102420981666
https://doi.org/10.1016/s0896-6273(00)80124-5
https://doi.org/10.1016/s0896-6273(00)80124-5
https://doi.org/10.1038/jcbfm.2015.84
https://doi.org/10.1046/j.1468-2982.2002.00310.x
https://doi.org/10.1007/s005920050081
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-652136 June 5, 2021 Time: 17:14 # 10

Coskun et al. Headache and KATP Channel

Nelson, M. T., Huang, Y., Brayden, J. E., Hescheler, J., and Standen, N. B.
(1990). Arterial dilations in response to calcitonin gene-related peptide involve
activation of K+ channels. Nature 344, 770–773. doi: 10.1038/344770a0

Petersen, K. A., Birk, S., Lassen, L. H., Kruuse, C., Jonassen, O., Lesko, L.,
et al. (2005a). The CGRP-antagonist, BIBN4096BS does not affect cerebral
or systemic haemodynamics in healthy volunteers. Cephalalgia 25, 139–147.
doi: 10.1111/j.1468-2982.2004.00830.x

Petersen, K. A., Lassen, L. H., Birk, S., Lesko, L., and Olesen, J. (2005b).
BIBN4096BS antagonizes human α-calcitonin gene related peptide-induced
headache and extracerebral artery dilatation. Clin Pharmacol Ther. 77, 202–213.
doi: 10.1016/j.clpt.2004.10.001

Ploug, K. B., Amrutkar, D. V., Baun, M., Ramachandran, R., Iversen, A., Lund,
T. M., et al. (2012). K ATP channel openers in the trigeminovascular system.
Cephalalgia 32, 55–65.

Ploug, K. B., Boni, L. J., Baun, M., Hay-Schmidt, A., Olesen, J., and Jansen-Olesen,
I. (2008a). K ATP channel expression and pharmacological in vivo and in vitro
studies of the K ATP channel blocker PNU-37883A in rat middle meningeal
arteries. Br. J. Pharmacol. 154, 72–81. doi: 10.1038/bjp.2008.86

Ploug, K. B., Sørensen, M. A., Strøbech, L., Klaerke, D. A., Hay-Schmidt, A.,
Sheykhzade, M., et al. (2008b). KATP channels in pig and human intracranial
arteries. Eur. J. Pharmacol. 601, 43–49. doi: 10.1016/j.ejphar.2008.10.041

Quayle, J. M., Bonev, A. D., Brayden, J. E., and Nelson, M. T. (1994). Calcitonin
gene-related peptide activated ATP-sensitive K+ currents in rabbit arterial
smooth muscle via protein kinase A. J. Physiol. 475, 9–13. doi: 10.1113/jphysiol.
1994.sp020045

Sheykhzade, M., and Berg Nyborg, N. C. (2001). Mechanism of CGRP-induced
relaxation in rat intramural coronary arteries. Br. J. Pharmacol. 132, 1235–1246.
doi: 10.1038/sj.bjp.0703936

Stephan, D., Winkler, M., Kühner, P., Russ, U., and Quast, U. (2006). Selectivity
of repaglinide and glibenclamide for the pancreatic over the cardiovascular
KATP channels. Diabetologia 49, 2039–2048. doi: 10.1007/s00125-006-
0307-3

Vincent, M., and Wang, S. (2018). Headache classification committee of the
international headache society (IHS) the international classification of headache
disorders, 3rd edition. Cephalalgia 38, 1–211. doi: 10.1177/033310241773
8202

Vollesen, L. H., Guo, S., Andersen, M. R., and Ashina, M. (2019).
Effect of the H 1 -antihistamine clemastine on PACAP38 induced
migraine. Cephalalgia 39, 597–607. doi: 10.1177/033310241879
8611

Williams, S., Abbott, D., Morfis, L., Manwaring, P., Diamond, T., and Howes,
L. G. (1998). Effects of glibenclamide on blood pressure and cardiovascular
responsiveness in non-insulin dependent diabetes mellitus. J. Hypertens. 16,
705–711. doi: 10.1097/00004872-199816050-00019

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.

Copyright © 2021 Coskun, Elbahi, Al-Karagholi, Ghanizada, Sheykhzade and
Ashina. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 10 June 2021 | Volume 12 | Article 652136

https://doi.org/10.1038/344770a0
https://doi.org/10.1111/j.1468-2982.2004.00830.x
https://doi.org/10.1016/j.clpt.2004.10.001
https://doi.org/10.1038/bjp.2008.86
https://doi.org/10.1016/j.ejphar.2008.10.041
https://doi.org/10.1113/jphysiol.1994.sp020045
https://doi.org/10.1113/jphysiol.1994.sp020045
https://doi.org/10.1038/sj.bjp.0703936
https://doi.org/10.1007/s00125-006-0307-3
https://doi.org/10.1007/s00125-006-0307-3
https://doi.org/10.1177/0333102417738202
https://doi.org/10.1177/0333102417738202
https://doi.org/10.1177/0333102418798611
https://doi.org/10.1177/0333102418798611
https://doi.org/10.1097/00004872-199816050-00019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	The Effect of KATP Channel Blocker Glibenclamide on CGRP-Induced Headache and Hemodynamic in Healthy Volunteers
	Introduction
	Materials and Methods
	Experimental Design and Randomization
	Headache and Accompanying Symptoms
	Glucose Infusion
	Statistics and Data Analysis
	Data Availability

	Results
	Headache and Associated Symptoms
	The Hemodynamic Effects
	Adverse Events

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References


