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Background and Purpose Migraine is a complex neurovascular disorder whose triggers
are not entirely understood. Endothelial dysfunction might play a role in migraine, and there
have been numerous reports on endothelium dysfunction and migraine pathophysiology, but
their reciprocal cause—effect relationship remains unclear. This review reports the current ev-
idence on endothelium dysfunction, its link with migraine, and its possible consequences for
cerebral hemodynamics.

Methods We performed a systematic literature search of PubMed up to March 2020. We in-
cluded 115 articles in a narrative review.

Results Several studies have demonstrated that endothelium dysfunction may play an im-
portant role in migraine. Despite the lack of specific biomarkers, there is evidence of oxida-
tive stress and inflammation—two of the primary causes of endothelial damage—in mi-
graine. The main consequences of endothelial dysfunction are increased vascular tone,
thrombosis, inflammation, and increased vascular permeability. As a consequence of oxida-
tive stress, the activity of endothelin-1 is not counterbalanced by nitric oxide (NO), whose lev-
els decrease to lead to vasoconstriction and a possible contribution to cortical spreading de-
pression. NO is involved in pain perception via the cyclic guanosine monophosphate (cGMP)
pathway and the induction of calcitonin gene-related peptide. Oxidative stress may induce a
hypercoagulable state that mainly affects platelet function through different mechanisms. En-
dothelial dysfunction seems to be particularly pronounced in migraine with aura (MA). En-
dothelial dysfunction in migraine particularly involves intracranial vessels, since flow-medi-
ated dilation cannot detect overt peripheral vascular dysfunction.

Conclusions Endothelial dysfunction is a vascular risk marker. How it impacts migraine,
and particularly MA, needs to be understood better by defining its possible role in increasing
the stroke risk in migraine patients.
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INTRODUCTION

Migraine is a chronic neurological disease characterized by a complex set of symptoms and
multifactorial pathophysiology. Although the trigger factors for migraine have not been
completely determined, the acknowledged pivotal mechanisms are well defined. Migraine
with aura (MA) is the result of a cortical perfusion disturbance defined as cortical spread-
ing depression (CSD), while the head and facial pain and accompanying symptoms result
from the activation of the trigeminovascular system.' Interactions among these different
components gave rise to the concept of migraine as a neurovascular disorder.

The vascular involvement in migraine certainly includes the dura vessels, whose dilation
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and perivascular inflammation generate the typical pulsatile
pain. Moreover, a perturbation of the cortical circulation takes
place during CSD, when hyperemia precedes the oligemic
phase. Substances with vasodilatory effects may trigger mi-
graine attacks, and a recent meta-analysis of susceptibility
genes for migraine pointed out that migraine-associated genes
are expressed in vascular and smooth-muscle tissues.” There
is increasing evidence for the involvement of intracerebral
vessels in migraine. This is of particular interest since it might
explain two unclear aspects: 1) the triggers of migraine and
2) the links between migraine and stroke (i.e., reciprocal cau-
sality or the expression of a shared pathogenic mechanism).

The endothelium has been linked to migraine, but it is not
clear whether 1) endothelial dysfunction is a migraine trig-
ger or a migraine chronicization factor, or 2) endothelial dys-
function is a consequence of migraine. Moreover, it remains
to be determined whether endothelial dysfunction increas-
es the stroke risk in migraineurs. Addressing this last point
could impact clinical stroke prevention.

This review reports the current evidence of endothelial dys-
function, its implication in migraine, and its consequences for
cerebral and systemic hemodynamics.

METHODS

We performed a systematic literature search of PubMed to
identify studies published up to March 2020 using the follow-
ing search terms: “endothelial dysfunction” AND “migraine;’
“endothelial function” AND “migraine;” and “endothelium”
AND “migraine” We then selected studies based on their ti-
tle and Abstract. Reference lists of selected articles were also
screened to identify any studies that had been missed in the
original search process.

Our preliminary search and subsequent analysis of the ref-
erence lists of selected articles revealed 283 relevant studies.
We excluded 111 of these articles based on their title and Ab-
stract. The remaining 172 articles comprised 51 reviews and
120 original papers. After reading the full texts, we excluded
28 reviews because their source data were already included
in other articles or had been superseded by more-recent re-
views, and 29 original articles due to repetition of results al-
ready reported elsewhere, or work not primarily involving
migraine or endothelial function/dysfunction. The present
review finally included 115 articles.

RESULTS

Endothelial dysfunction
The endothelium is the inner layer of blood vessels that acts
not only as a barrier between the blood and extravascular
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space, but also as an active endocrine organ. Its large surface
area means that it plays a central role in multiple functions.
As an endocrine organ, it produces various paracrine sub-
stances mediating vascular permeability, vascular tone, local
inflammation, and thrombosis.” Apart from producing these
substances, the endothelium also interacts with and inacti-
vates circulating substances.

The large number of different substances released by the
endothelium include nitric oxide (NO), endothelin-1 (ET-1),
von Willebrand factor (vWEF), plasminogen activator inhibi-
tor-1, angiotensin II, prostacyclin, platelet-activating factor,
homocysteine, and adrenomedullin (AM). These substances
influence the contraction of smooth-muscle cells (SMC), both
pro- and anticoagulation, thrombus lysis or formation, and
oxidative stress. The homeostasis of the endothelium is main-
tained by balanced actions of substances with opposing func-
tions. This balance may be lost when the endothelium is dam-
aged by mechanisms related to vascular risk factors or genetic
or exogenous factors, resulting in so-called endothelial dys-
function. Endothelial dysfunction can at last lead to vasocon-
striction, increased permeability, inflammation, and a pro-
thrombotic profile (Fig. 1).

Causes and detection of endothelial damage
The endothelium of migraine patients, especially those with
MA, may be exposed to multiple potentially damaging factors.
Oxidative stress is the leading cause of endothelial dysfunc-
tion. The process of oxidation occurs when a free radical (i.e.,
a molecule that contains unpaired electrons, and hence is un-
stable) donates or removes an electron from another molecule,
which itself becomes a radical in a chain reaction.* Oxidative
stress results from an imbalance between the production of
reactive oxygen species (ROS) and nonradicals. The resultant
oxidation of biomolecules and the associated disruption of
their standard functioning may lead to tissue damage. Ex-
cess levels of free radicals may oxidize low-density lipopro-
tein (LDL), and the resultant ox-LDL impairs the function-
ing of the endothelium. Oxidative stress in migraineurs has
been demonstrated by measurements of higher levels of ox-
LDL and malondialdehyde (the end product of lipid perox-
idation, and hence an indicator of oxidative stress) and re-
duced activity of antioxidant enzymes such as paraoxonase-1
and arylesterase (Fig. 2).> It has even been hypothesized that
migraine could be a restorative reaction of the brain to oxi-
dative stress, inducing a complex antioxidizing response.”
Inflammation and immunity may also damage the endo-
thelium, acting on it both directly and indirectly. Indeed, in-
flammation sustains oxidative stress, whereby high levels of
reactive species are produced during an inflammatory pro-
cess.* Similarly, inflammation is one of the consequences of
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Fig. 1. Proposed mechanism of endothelial dysfunction in migraine pathophysiology. Oxidative stress and other endogenous and exogenous fac-
tors may lead to endothelium dysfunction, consequently sustaining the induction of pain and possibly increasing the vascular risk via alterations
of vascular tone and hypercoagulability. ATP: adenosine triphosphate, cAMP: cyclic adenosine monophosphate, cGMP: cyclic guanosine mono-
phosphate, cGRP: calcitonin-gene-related peptide, CLDN5: claudin-5, CRP: C-reactive protein, CSD: cortical spreading depression, eNOS: endothe-
lial nitric oxide synthase, ESM-1: endocan, ET-1: endothelin-1, IL-1f: interleukin 1, IL-6: interleukin 6, nNOS: neuronal nitric oxide synthase, NO:
nitric oxide, TNF-a: tumor necrosis factor-a, SP: substance P, vWF: von Willebrand factor, 5HT: serotonin.

oxidative stress (both in general and as a result of oxidation-
mediated endothelial dysfunction). It is difficult to determine
which is the primary process, since oxidative stress and in-
flammation act simultaneously. Migraine patients may exhibit
a genetic susceptibility to a proinflammatory state. Indeed,
migraineurs (and particularly female MA patients) showed
an association with a polymorphism of tumor necrosis fac-
tor (TNF) gene that may enhance the production of TNE for
which the endothelium is a primary target.* An inflammato-
ry state in migraineurs is also attested by the higher erythro-
cyte sedimentation rates and C-reactive protein (CRP) levels
found in episodic and chronic migraine (CM) patients, which
are correlated with the carotid intima-media thickness.”"
Excessive interactions between T-helper lymphocytes and
endothelium, as indicated by the overexpression of integrins,
suggests an immunological mechanism of endothelial acti-
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vation." Lymphocytes and endothelium are also targets of
activated platelets, whose levels were elevated in migraine pa-
tients," although the activation of platelets could be a phe-
nomenon secondary to migraine and endothelial dysfunc-
tion rather than being their cause."” There has also been a
report of the rate of antibodies directed against endothelium
being higher in migraine patients than in controls."

Another endothelial detrimental factor may be homocys-
teine. MA patients often present with elevated homocysteine,
which is due to the higher frequency of polymorphism of the
methylenetetrahydrofolate reductase (MTHFR) gene.”

On the other hand, the endothelium is also the target of pro-
tective angiogenic factors such as vascular endothelial growth
factor (VEGF) and angiogenin, which are depleted in mi-
graineurs during the interictal period.' Notably, another study
found that the levels of VEGF were higher in migraine patients



during the interictal period than in controls."”
This imbalance between protective and detrimental factors
may lead to damage to the endothelium. Since endothelial
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Fig. 2. Damage and loss of stability of endothelium lead to the re-
lease of endothelial microparticles (EMPs). ARE: arylesterase, EPCs:
endothelial progenitor cells, ox-LDL: oxidized low-density lipoprotein,
PON-1: paraoxonase-1, SDF-1a: stromal-cell-derived factor-1a.

Table 1. Candidate biomarkers of endothelium dysfunction in migraine
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dysfunction is a complex phenomenon involving several fac-
tors, it would be useful to find a precise marker of damage
(Table 1).

Circulating endothelial progenitor cells (EPCs) are a mark-
er of endothelial stability. A decreased number of EPCs indi-
cates the low replacement of damaged endothelial cells and
is negatively correlated with the cardiovascular risk,'® and it
is also related to inflammatory conditions characterized by
higher levels of circulating proinflammatory cytokines.”” A
lower number of circulating EPCs has been demonstrated in
migraineurs, especially in those with MA."”** A more-thorough
analysis of EPCs demonstrated that the number of CD62E+
EPCs—which is a marker of endothelial activation—was larg-
er in chronic and episodic migraineurs than in controls, hence
indicating more mature EPCs that are potentially associat-
ed with endothelial damage.”!

Stromal-cell-derived factor-1a (SDF-1a) is the most-po-
tent chemoattractant for EPCs, inducing the mobilization of
EPCs from bone marrow. A study found reduced levels of
SDF-1a in migraine patients, indicating reduced mobilization
of bone-marrow-derived EPCs and, as a consequence, endo-

Marker Mechanism Possible validity References
EPC Endothelium stability + Decreased'’®
CD62E (EPCs/EMPs) Endothelium activation + Increased?'?
SDF-1a Mobilization of EPC from bone marrow + Decreased?
EMPs Endothelial dysfunction + Increased??
VEGF Protective angiogenic factor - Decreased,'® increased'”
CRP Inflammation marker + Increased 2195 ynaltered?
TNF Proinflammatory cytokine - Unaltered,? increased'®
Cytokines (IL-1, IL-6) Proinflammatory + Increased?®'%®
PTX3 Proinflammatory - Increased?®?’
STWEAK Endothelial dysfunction, regulates BBB permeability - Increased”®?’
Endocan (ESM-1) Endothelial-cell-specific molecule - Increased'®
Claudin-5 Regulates BBB permeability - Increased'®
Urine albumin leakage Endothelial dysfunction - Unaltered”
Homocysteine Endothelial damage - Increased™
ET-1 Endothelium-dependent vasoconstriction + Increased®**
NO Endothelium-dependent vasodilatation - Decreased,® unaltered,®* increased®
Urine nitrate/nitrite Bioavailability of NO - Decreased®
ADMA NOS inhibitor + Increased®*®
FMD Endothelium-dependent vasodilatation - Decreased %772 ynaltered,” %7 increased®’s’+
vWF Platelet adhesion + Increased 064109112
PIaFeIet fun.ctlon Platelet activation + Increased aggregates,'? decreased clot time™ "
(different indexes)
Fibrinogen Coagulation + Increased'™
Thrombin Coagulation + Increased'”

ADMA: asymmetric dimethylarginine, BBB: blood-brain barrier, CRP: C-reactive protein, EMPs: endothelial microparticles, EPCs: endothelial progenitor
cells, ESM-1: endothelial cell-specific molecule 1, ET-1: endothelin-1, FMD: flow-mediated dilation, IL: interleukin, NO: nitric oxide, NOS: NO synthase,
PTX3: pentraxin 3, SDF-1a: stromal-cell-derived factor-1a, sSTWEAK: soluble TNF weak inducers of apoptosis, TNF: tumor necrosis factor, VEGF: vascu-
lar endothelial growth factor, vVWF: von Willebrand factor.
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thelial dysfunction.” That study also demonstrated a nega-
tive correlation between SDF-1a and CD62E+ endothelial
microparticles (EMPs), which are another marker of endothe-
lial dysfunction. EMPs are vesicles released from the endo-
thelium in response to endothelial activation or injury (i.e.,
triggered by hypoxia, TNF-a, CRP, and thrombin), with high-
er circulating levels correlating with higher degrees of dys-
function, mainly due to the impairment of endothelium-de-
pendent NO-mediated vasodilatation” (Fig. 2). Female MA
patients showed higher levels of circulating EMPs compared
with controls.*

Other circulating endothelial markers (angiopoietin-1, an-
giopoietin-2, the tyrosine kinase receptor Tie-2, soluble fms-
like tyrosine kinase-1, and N-terminal prohormone of brain
natriuretic peptide) have not been found to be correlated with
migraine,” while the serum levels of pentraxin 3 and soluble
TNF-like weak inducers of apoptosis were higher in CM pa-
tients and showed a correlation with iron deposition in cer-
tain regions of the brain.***

Flow-mediated dilation (FMD) and tonometry have been
used to identify peripheral endothelial dysfunction, as de-
scribed in the following section.

Urine albumin leakage is considered another marker of
peripheral endothelial dysfunction. However, a large study of
migraine patients found no evidence of increased urine al-
bumin leakage in migraine patients.”

Endothelial dysfunction and vascular tone in
migraine

Vasoconstriction is a typical outcome of endothelial dysfunc-
tion.”” Among all of the endothelium products, NO is the lead-
ing regulator of vessel tone: it is a potent vasodilator, respon-
sible for endothelium-dependent vasodilatation. Oxidative
stress, one of the known mechanisms of endothelial dysfunc-
tion, reduces the bioavailability of NO since the latter readily
reacts with ROS when the antioxidant system is exhausted.
Since this causes an imbalance in vascular tone, the levels of
substances such as ET-1 and angiotensin II become excessive
so as to lead to vasoconstriction.

NO and ET-1

The production of NO is catalyzed by the NO synthase (NOS)
enzyme, oxidating intracellular L-arginine. There are three
distinct isoforms of NOS: neuronal NOS (nNOS), endothe-
lial NOS (eNOS), and inducible NOS (iNOS).** NO synthe-
sized in the endothelium by the action of eNOS mediates en-
dothelium-dependent vasodilatation. The release of NO from
the endothelium is stimulated by several substances, such as
serotonin (5HT), histamine, bradykinin, ET-1, and substance
P (SP), as well as by shear stress.”** 5HT, in particular, may
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induce the release of NO from the endothelium by acting on
5HT,5 receptors.” Calcitonin-gene-related peptide (CGRP),
whose release from perivascular nerves is induced by NO do-
nors themselves* and by nNOS-produced NO from the tri-
geminal ganglion, can also sustain NO release from the en-
dothelium, acting on eNOS both directly and indirectly.” The
blockade of eNOS inhibits the CGRP-induced vasodilatation
of dural vessels.** Once released from the endothelium, eNOS-
derived NO diffuses to the SMC where it activates the intra-
cellular cGMP pathway, inducing vasodilatation by reducing
intracellular Ca** levels.

Endothelial NO interacts with its vasoconstrictive coun-
terpart, ET-1, in a complicated manner, with the interplay of
these two substances being critical for regulating vascular
tone. NO plays the leading role in tone regulation, tonically
inhibiting ET-1 activity via several pathways.”” When broken
free from direct NO inhibition, ET-1 activity is in any case
controlled by a negative feedback mechanism via endotheli-
al ET-1g, receptors, which induces eNOS activity to increase
NO production and prevent excessive ET-1 activity. However,
oxidative stress and other conditions that reduce the availabil-
ity of NO may result in uncontrolled activation of the ET-1
pathway.

ET-1 could play an important role as a migraine trigger.*®
Its levels are elevated in MA and migraine without aura (MO)
patients during the interictal period®*' and also in the early
phase of a migraine attack.*>** Moreover, ET-1 is directly in-
volved in nociception and induces the release of migraine-
provoking substances.”®*

A particularly interesting finding from animal studies is
that topical cortical application of ET-1 can induce CSD in
rats.*** In contrast, intravenous ET-1 infusion in patients with
MA did not provoke any aura attack," which might have been
due to the minimal passage of ET-1 through the blood-brain
barrier (BBB). The hypothesis of a CSD-inducing effect of
ET-1 therefore remains to be validated by evaluating the con-
comitant opening of BBB or a more-local effect (paracrine or
autocrine).

The potential role in triggering CSD would place ET-1 at
an upstream position in the pathological chain of migraine
induction. CGRP and the NO donor glyceryl trinitrate seem
to act downstream, respectively activating the cAMP and
c¢GMP pathways since they can induce MO attacks in patients
with MA.*"* Furthermore, animal studies suggest that NO
release can be induced by CSD.***" It is worth noting that pre-
treatment with sumatriptan reduces the CSD-induced re-
lease of NO,” and so NO seems to be mostly involved in pain
induction during a migraine attack. A small pilot trial showed
the efficacy of a NOS inhibitor in providing significant head-
ache relief during a spontaneous migraine attack.”** The ac-



tion of NO on pain induction is not limited to its effect on
vascular tone, but also in activating the trigeminal system.”
eNOS and nNOS are to a greater extent localized in the tri-
geminal ganglion.”” When administered to migraine patients,
exogenous NO donors can induce both immediate and de-
layed headaches: the immediate headache is probably due to
a direct effect on vascular muscular tone (cGMP-mediated
vasodilatation), whereas the delayed headache could be due
to the trigeminovascular activation, primarily through CGRP*
and pituitary adenylyl-cyclase activating polypeptide (PA-
CAP) release (mainly via nNOS induction®) or mast-cell ac-
tivation (via iNOS induction®), which in turn induces en-
dothelial cells to release adenosine triphosphate (ATP) that
activates perivascular nociceptors.”

Increased levels of oxidative stress and consequential re-
duced bioavailability of NO have been described during and
after migraine attacks.® Conversely, no baseline alterations of
plasmatic NO metabolites were found during the interictal
period.”® Similarly, no difference was found in the NO-me-
diated peripheral endothelium-dependent vasodilatation dur-
ing the interictal period,*** also when vascular smooth-mus-
cle cells (VSMC) may lose their sensitivity to the endothelial
NO that is normally produced during the interictal period
and regain sensitivity during a migraine attack.”® However, a
larger study found decreased urinary total nitrate/nitrite lev-
els during the interictal period in female migraine patients.**
This decrease was greater in MA patients and was correlated
with headache duration, thus indicating greater endothelial
dysfunction in this population.

Another study found that the levels of NO and asymmet-
ric dimethylarginine (ADMA, a NOS inhibitor indicative of
oxidative stress) during both a migraine attack and the inter-
ictal period were higher in patients with migraine than in a
control group.” Increased ADMA levels during the interic-
tal period in migraine patients were confirmed in another
study, where they were also predictive of white-matter lesions
(WMLs).* The migraine patients with WMLs in that study
also showed higher symmetric dimethylarginine (SDMA)
concentrations, which may reduce NO production from L-
arginine; L-arginine levels were higher in all migraine pa-
tients than in controls, probably reflecting an increased de-
mand for NO synthesis.®

Hence, despite NO levels failing to serve as a biomarker,
the dynamic variations of NO metabolism—particularly dur-
ing a migraine attack—reflect a pathophysiological mecha-
nism induced by endothelial dysfunction: NOS inhibition
and reduced NO availability are counterbalanced by increased
levels of L-arginine and the NO sensitivity of VSMC. While a
decrease in NO availability may be a triggering factor, the res-
toration of NO levels (sustained in part by CSD) is crucial
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for pain induction both directly and via the CGRP pathway.

FMD and arterial tonometry
A functional way to assess NO-mediated endothelium-de-
pendent vasodilatation is using the FMD-based technique,
in which the increase in the diameter of the brachial artery
is measured after occluding the vessel for 5 minutes. After
the occlusion, reactive hyperemia induces the release of NO,
with correspondent vasodilatation. A review by Butt et al.¥
that excluded studies comprising less than 20% of MA pa-
tients and those with CM produced conflicting results. While
one study showed reduced FMD in migraine patients,” an-
other found that FMD was greater in MA patients than in
MO patients and controls,” and four studies did not find any
differences between migraine patients and controls.'7*-%7°
Such variability in the findings remains when expanding the
analysis to excluded or more-recent studies. The few studies
that found a decrease in FMD included one with an exagger-
ated contextual nitrate-mediated dilation,” one involving only
MO patients,”” and one involving CM patients.” Conversely,
other studies found an increase in FMD in young migraine
patients,” particularly during migraine attacks,” supporting
the role of NO release in the induction of migraine pain.
Rajan et al.”” and Larsen et al.” (in a large population-based
study) could not find any differences in FMD between mi-
graineurs and controls. Considering the vast difference in sam-
ple size between the last study and the previous ones and the
inhomogeneous study samples of MA and MO patients, it
can be concluded that measurements of FMD cannot be used
to detect overt peripheral vascular dysfunction in migraine.
The use of arterial tonometry to measure arterial stiffness
has yielded conflicting results about endothelial dysfunction
in peripheral arteries while confirming that arterial stiffness
is higher in episodic””® and CM” patients. Arterial stiffness
in female MA patients was found to be correlated with circu-
lating EMPs, which is a marker of endothelial dysfunction.*

Other determinants of vascular tone acting on the
endothelium implicated in migraine pathogenesis

SHT

5HT is a monoamine derived from tryptophan that is pro-
duced in the brainstem and gastrointestinal tract. 5SHT re-
leased from the brainstem circulates in the vascular system,
where it is stored in platelets or metabolized by the liver or
the pulmonary endothelium.*® 5HT3, 5HTp, 5HT\r, and also
the 5HT, receptor subtypes have been well recognized in brain
tissue. 5SHT 5 receptors have been found in brain VSMC and
endothelium.* Triptans act as 5HT p1p-selective agonists,
with their actions including vasoconstriction, mainly via ef-
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fects on VSMC receptors.*”” Oppositely, endothelial 5SHT re-
ceptors may mediate vasodilatation,” but triptans should
have minimal effects on endothelial receptors. Indeed, trip-
tans did not appear to interfere with the endothelium-depen-
dent FMD.® However, that finding could have been influ-
enced by triptan-mediated baseline vasoconstriction of the
brachial artery. Hence, FMD appears to be a poor indicator
of vascular dysfunction in migraine due to the large num-
ber of potential confounders.

Apart from its effects on VSMC, 5HT may act directly on
the endothelium via the 5HTs receptors, favoring the induc-
tion of a migraine attack. SHT,; receptors have been found
on the meningeal vascular endothelium and possibly also the
cerebral vascular endothelium.* Their activation has been
proposed to determine NO release from the endothelium that
consequently may induce the sterile inflammation responsi-
ble for migraine attack™* via the above-mentioned mecha-
nisms mostly involving cGMP-mediated vasodilatation and
CGRP release.

ATP

ATP and the purinergic signaling system are involved in both
triggering and sustaining migraine attacks. The purinergic
system acts as a neurotransmitter and neuromodulator, reg-
ulating the relationships among neurons, SMC, and glia in
the CNS, with specific roles in mechanisms such as CSD and
pain conduction.*® ATP is thought to also play a role in reg-
ulating cerebral vascular tone. The following two-phase hy-
pothesis of the role of ATP in influencing vasomotor capa-
bility has been proposed: 1) vasoconstriction mediated by
ATP that is released from perivascular nerves and damaged
endothelial cells, via acting on VSMC P2X receptors, and 2)
the vasodilatation phase, during which endothelial and plate-
let-derived ATP acts on endothelial P2X and P2Y receptors,
leading to endothelium-derived vasodilatation.*” This latter
phase is associated with pain perception.

AM

AM is a peptide secreted by endothelial cells in response to
fluid shear stress, acting on the PIEZO1 mechanosensitive
channels on the endothelium. Once released, AM regulates
vascular tone by acting on the endothelium in paracrine and
autocrine manners, inducing vasodilatation by inducing
NOS.**¥ Its structure and function are related to CGRP* with
AM receptors activating the same CGRP-induced intracellu-
lar cAMP pathway, and it is also involved in regulating BBB
permeability and pain mediation.**' However, the role of
AM in migraine induction has not been confirmed.”
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Ovarian steroids

Ovarian hormones exert effects on vascular tone by acting on
both the endothelium and VSMC.”* Estrogens induce main-
ly vasodilatation via both endothelium-dependent and -in-
dependent mechanisms. Indeed, estradiol receptors are also
present on the endothelium, where they act via the classical
NO-mediated pathway: the enhancement of NO production
seems to be the primary vasodilator mechanism of estradiol.
Progesterone may exert different effects on vascular tone, but
the most prominent is a vasoconstriction effect, due in part
to reducing NO release.”

Cerebrovascular reactivity and autoregulation

The effect of endothelial dysfunction on cerebral vascular
tone could potentially affect cerebral hemodynamics. The
cerebral circulation is a peculiar vascular system with com-
plex autoregulatory properties that allow a stable perfusion
pressure to be maintained under diverse conditions. Cere-
brovascular reactivity (CVR) involves cerebral arterioles di-
lating in response to a vasodilating stimulus, and it can be as-
sessed quantitively using different techniques.” Endothelial
dysfunction might affect CVR, which is impaired or absent
in carotid disease and stroke (especially in large-artery oc-
clusion stroke).” Even though most studies have showed that
the interictal CVR is preserved or even higher in the anteri-
or circulation of MA patients,”*® there are discordant reports
of altered CVR in the posterior circulation.

Studies of CVR assessed by breath-holding [quantified as
the breath-holding index (BHI)], mainly during transcrani-
al Doppler (TCD) monitoring, have shown a lower cerebral
CVR in the posterior circulation of MA patients,” with a nor-
mal BHI in the anterior circulation and in the absence of sys-
temic endothelial dysfunction.” The lower BHI in the poste-
rior circulation of migraineurs was associated with younger
age at the onset of migraine.'” In contrast, another study found
that BHI was higher in the posterior circulation in MA pa-
tients."”" A particularly interesting observation in that study
was that the BHI in the anterior circulation was significant
lower in MA patients taking estrogens, which is possibly due
to exogenous estrogens inducing a condition of persistent va-
sodilatation that reduces the ability of vessels to dilate further.
In contrast, BHI was higher in MA patients with right-to-left
shunts, which questions whether such shunts in MA patients
could result from a genetically determined alteration in vas-
cular development, considering the higher familial history of
MA in these patients.'”

A recent study comparing BHI in migraineurs before and
after treatment with erenumab found that CGRP blockade
did not influence vasomotor reactivity.'” CVR assessed as
reactivity to L-arginine infusion in the posterior circulation



has been found to be lower in migraineurs than in healthy
controls, while no significant differences in CVR in the mid-
dle cerebral artery have been found between migraine pa-
tients (both MA and MO) and healthy controls.'”* A post-hoc
analysis revealed that the CVRs of the posterior and middle
cerebral arteries were significantly correlated, and confirmed
the absence of a correlation with systemic endothelial dys-
function.” A recent meta-analysis that included different ex-
perimental measurements (BHI, L-arginine infusion, CO, in-
halation, and acetazolamide infusion) confirmed that CVR
in the posterior circulation is lower in migraine patients, par-
ticularly those with MO,'® while that in the anterior circu-
lation did not differ significantly between migraineurs and
controls.

It should be noted that vasodilatory stimuli induced by
breath-holding and L-arginine may involve different mech-
anisms. Breath-holding induces an increase in cerebral blood
flow via both a CO,-dependent vasodilatation and increased
systemic blood pressure,'* while L-arginine—being the di-
rect precursor of NO—should exert a blood-pressure-inde-
pendent effect. Hence, studies of CVR adopting L-arginine
infusion may provide a better understanding of endothelial
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dysfunction in migraine (Fig. 3).

To overcome the limits of breath-holding, it is also possi-
ble to evaluate CVR after CO, inhalation, but this approach
has been adopted in only a few studies (which were included
in the aforementioned meta-analysis'®®). In addition to TCD
monitoring, CVR has also been assessed using near-infrared
spectrometry, with conflicting results.'” To our knowledge,
there have been no published studies of MRI evaluations of
CVR with CO; inhalation or other hypercapnic stimuli in
migraine patients.

Endothelial dysfunction and inflammation in
migraine

As mentioned above, inflammation may be both the cause
and consequence of oxidative stress, and hence also endothe-
lial dysfunction. Migraine patients, and especially those with
MA, showed higher interictal levels of CRP, with the CRP
level being correlated with headache frequency and the num-
ber of years of aura attacks.®*'”” Higher levels of cytokines
confirm the presence of an inflammatory state during a mi-
graine attack; a small study found higher levels of interleu-
kin (IL)-1p, IL-6, TNF-a, and endocan (also called ESM-1),
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Fig. 3. Cerebrovascular reactivity (CVR) studies adopting breath-holding or L-arginine infusion in migraine with aura (MA) patients compared
with controls. Data were extracted from the meta-analysis of Dzator et al.”® ADMA: asymmetric dimethylarginine, BP: blood pressure, EtC02: end-
tidal CO,, L-arg: L-arginine, NOS: nitric oxide synthase, RLS: right-to-left shunt, SDMA: symmetric dimethylarginine.
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the last of which is produced by the endothelium.'®

Endothelial dysfunction and thrombosis in migraine
As mentioned above, platelet activation is increased in mi-
graine patients. A large study of female migraine patients
showed a hypercoagulability profile characterized by elevat-
ed levels of t-PA antigen during the interictal period, reflect-
ing reduced fibrinolysis, and elevated vVWF activity, indicat-
ing a platelet-mediated procoagulant effect.® Moreover, MA
patients had a stronger association with elevated vWF levels,
and vWF antigen levels were higher in migraineurs with pri-
or stroke than in those without a stroke history.'” vWF was
also recognized to increase during a migraine attack.'>"’ In
migraine patients, higher vVWF activity and antigen levels were
found along with shortening in all Clot Signature Analyzer
measurements (platelet hemostasis time, clot time, and col-
lagen-induced thrombus formation), indicating a hyperco-
agulability state.""! Moreover, higher vVWF levels were found
in patients with angiotensin-converting enzyme (ACE) gene
polymorphism DD (the deletion genotype that is linked to
increased ACE levels, decreased bradykinin levels, and in-
creased vascular tone), especially in carriers of the C677T
polymorphism in the MTHEFR gene."* Other hints of hyper-
coagulability in migraine came from a recent large popula-
tion-based case—control study that found elevated levels of
fibrinogen and factor II in migraine patients (particularly in
females with MA) compared with controls.'”

A recent pilot study of female MA patients found a hyper-
coagulable state that confirmed decreases in the platelet clot
reaction time and the time to maximum thrombus genera-
tion and aberrant fibrin polymerization due to a f-amyloid
conformation of fibrin, compared with controls.'” This means
that MA patients may produce stronger and larger clots more
rapidly, particularly during headache attacks. A cause of this
hypercoagulable state may be identified in oxidative stress,
since that pilot study also found that erythrocytes in the same
MA patients presented with significant variations in size,
shape, and distribution, and oxidative stress is one of the main
determinants of alterations to erythrocyte membranes.

Endothelial dysfunction and vascular permeability
in migraine

Neurogenic inflammation may increase the permeability of
the endothelium of cerebral postcapillary venules, allowing
plasma protein extravasation (PPE). This is mainly due to the
action of SP, a neuropeptide released from trigeminal termi-
nals. Studies of drugs inhibiting SP-induced PPE failed to
demonstrate any efficacy on migraine attacks, indicating a
marginal role of PPE in migraine.'* Mast-cell-derived hista-
mine can also enhance vascular permeability, in addition to
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the NO-inducing effect on the endothelium via the activa-
tion of the H1 histamine receptor.'”

Moreover, the levels of claudin-5 (a membrane protein reg-
ulating BBB permeability and endothelial integrity) were high-
er in migraine patients during migraine attacks and the in-

terictal period than in controls.'®

CONCLUSION

Despite the lack of a precise and direct role of endothelial
dysfunction in the pathophysiological chain of migraine in-
duction, the available evidence indicates that some endothe-
lial alterations are undoubtedly present in migraine patients.
Although it is not clear whether they represent one of the
causative factors of migraine attacks or, conversely, are in-
duced by migraine, it is noteworthy that endothelial dysfunc-
tion is a marker of vascular risk. More-reliable and precise
biomarkers are needed. Studies addressing the role of endo-
thelial dysfunction in migraine are needed to better demon-
strate its role and its risks, especially regarding how and what
vessels are mostly impaired.
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