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Abstract

molecular mechanisms remain unelucidated.

freatments.

Background: Obesity confers adverse effects to every system in the body including the central nervous system.
Obesity is associated with both migraine and idiopathic intracranial hypertension (IIH). The mechanisms underlying
the association between obesity and these headache diseases remain unclear.

Methods: We conducted a narrative review of the evidence in both humans and rodents, for the putative
mechanisms underlying the link between obesity, migraine and IIH.

Results: Truncal adiposity, a key feature of obesity, is associated with increased migraine morbidity and disability
through increased headache severity, frequency and more severe cutaneous allodynia. Obesity may also increase
intracranial pressure and could contribute to headache morbidity in migraine and be causative in IIH headache.
Weight loss can improve both migraine and IIH headache. Preclinical research highlights that obesity increases the
sensitivity of the trigeminovascular system to noxious stimuli including inflammatory stimuli, but the underlying

Conclusions: This review highlights that at the epidemiological and clinical level, obesity increases morbidity in
migraine and IIH headache, where weight loss can improve headache morbidity. However, further research is
required to understand the molecular underpinnings of obesity related headache in order to generate novel

Introduction

Obesity is a global health issue, affecting over half a billion
individuals and is defined by the World Health Organisa-
tion as having a body mass index (BMI) > 30 kg/m> Obes-
ity constitutes a large disease burden in terms of
socioeconomic costs and patient morbidity[1]. This is a
consequence of obesity being a precipitating factor in a
myriad comorbidities including type 2 diabetes mellitus,
cancer, hypertension and premature death[2, 3]. Under-
lying these comorbidities is biochemical and hormonal
dysfunction driven by excess adiposity and low-level
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chronic inflammation. Given this systemic biochemical
phenotype, obesity affects every aspect of the body includ-
ing the nervous system .

Headache disorders such as migraine and the meta-
bolic disease Idiopathic intracranial hypertension (IIH),
have been associated with obesity. Migraine affects over
a billion individuals, where migraine is associated with a
high level of disability[4]. Epidemiologically, it is clear
that migraine is over-represented in the obese popula-
tion. However, the causes underlying this association
have been considered controversial and under investi-
gated. The vast majority of IIH patients are phenotypic-
ally obese females of reproductive age, where headache
is the primary co-morbidity, thus IIH forms a case study
of a disease of pure obesity and headache. However,
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although obesity and headache are a clear commonality,
whether these are linked pathophysiologically is subject
of debate. Although there is a link between obesity and
these headache disorders, the underlying mechanisms
driving the headache remain elusive.

In this narrative review, we have reviewed the clinical
and epidemiological evidence for a link between obesity
and the headache in migraine and IIH. We have ex-
plored the phenotypes, both clinical and molecular, to
identify the links between obesity, migraine and IIH.
Furthermore, the current review evaluates the pre-
clinical evidence for alterations in headache like behav-
iour and the potential molecular underpinnings of these
behavioural changes in rodents. Finally, the potential
role of obesity on raised intracranial pressure (ICP) in
the development of headache in migraine and IIH is
discussed.

Methods

A narrative review was conducted where both clinical
and preclinical evidence for a mechanistic link between
obesity and the headache in migraine and IIH was evalu-
ated. English language papers in both PubMed and Goo-
gle Scholar were consulted for this review between its
inception and September 2021, where both primary re-
search and review articles were considered. Keywords
utilised in this review included but were not limited to:
ICP, headache, obesity, CGRP, migraine and ITH.

Obesity: Epidemiology, pathogenesis and treatments
Obesity is a disease on pandemic proportions, affecting
over 650 million individuals worldwide, where the preva-
lence is highest in the developed world and is associated
with low socio-economic status[5]. Obesity is associated
with excess adiposity and increases the risk of develop-
ing serious comorbidities including type 2 diabetes mel-
litus, cancer, musculoskeletal diseases, cardiovascular
diseases, metabolic syndrome, mental health issues and
premature death[2, 3, 6]. However, obesity is a modifi-
able disease where BMI reduction confers improvement
of the comorbid conditions and can be curative[6].
Obesity is a complex multifactorial disease where sev-
eral components contribute to its pathogenesis. It is
clear that obesity has a strong genetic component, where
a genome wide association study identified that poly-
morphisms in multiple nervous system genes are associ-
ated with the development of raised BMI in European
men and women[7]. Moreover, it has been demonstrated
that polymorphisms associated with a lean phenotype
also exist[8]. As such, obesity susceptibility can be de-
scribed as a polygenic risk: where an accumulation of
polymorphisms increases the risk of developing obesity.
Additionally, environment plays a strong role in the de-
velopment of obesity, where lifestyle, availability of
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calories and socio-economic status independently in-
crease the risk of developing obesity in western soci-
ety[9]. All of these components increase the risk of
excess lipid accumulation in adipocytes, where excess
adipocyte lipids cause a pro-inflammatory state that pro-
motes the systemic manifestation of obesity[10].

There are various therapies for obesity, all of which
focus on weight loss, which is the only disease modifying
treatment for obesity. However, these therapies are often
hampered by low efficacy and side effects where long-
term remission can be difficult to maintain. Furthermore,
these therapies are also multifunctional as they often treat
co-morbidities of obesity[11]. Pharmacotherapy for obes-
ity is becoming increasingly common, novel drugs are en-
tering the market and is reviewed by Velazquez et al.
here[11]. In brief, obesity pharmacotherapeutics aim to ei-
ther directly modulate the processing of macronutrients
or aim at altering gut-neuropeptides thus modulating sys-
temic metabolism and feeding behaviour[11]. Weight loss
can also be achieved surgically, where various forms of
bariatric surgery are utilised[12]. Although these provide a
mechanical alteration as to how food is processed post-
prandially, the primary mode of weight loss is mediated
through changes in gut-neuropeptides[12]. This rebalan-
cing of gut-neuropeptides alters feeding behaviour and the
metabolic metabolism, thus facilitating weight loss[12].

Obesity is associated with insulin resistance, dyslipidae-
mia, an altered sexually dimorphic endocrine phenotype
and increased circulating pro-inflammatory cytokines in-
cluding IL-1f, leptin and IL-6 and decreased circulating
levels of anti-inflammatory cytokines such as adiponec-
tin[13-15]. Consequently, obesity can be defined as both a
metabolic disease and a state of chronic low-grade inflam-
mation. Obesity is a disease with multimodal effects on
physiology: adversely affecting the vasculature, where mi-
graine pain may originate from the cerebral vascula-
ture[16]. Furthermore, the chronic state of inflammation
in obesity could be linked to the proposed role of neuroin-
flammation in migraine pathogenesis[16]. Given these, it
is perhaps unsurprising that there is a link between mi-
graine and obesity.

Migraine: Epidemiology, features and treatments

Migraine is a common disease, estimated to affect
1.04 billion individuals, where 18.9% of females and
9.8 % of males have a migraine diagnosis[4]. Similarly to
obesity, migraine is associated with a lower socio-
economic background[17]. Clinically, migraine is well
defined by the ICHD-3 criteria[18]. Cutaneous allodynia,
the perception of a painful stimulus that otherwise
would not be painful, is present in 63.2% of patients
with migraine. The severity of cutaneous allodynia is
positively associated with the severity and frequency of
migraine attacks and is a likely predictor of migraine
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chronification[19, 20]. However, migraine is not only a
headache disorder, migraine patients experience pre-
monitory and post monitory symptoms including tired-
ness and difficulty concentrating around the migraine
attack, further contributing to disease morbidity[21].
Given the symptomology and commonality of migraine
it comprises one of the largest disability burdens of any
disease, second only to lower back pain[22].

Various therapeutics exist for the treatment of migraine,
which either aim at treating migraine pain (abortive ther-
apy) or preventing the development of a migraine attacks
(preventative therapy). The primary abortive therapies for
migraine are nonsteroidal anti-inflammatory drugs (NSAI
DS), these are efficacious for some but are non-specific for
migraine[23]. Triptans, 5-HTp/p receptor agonists, are
migraine specific abortive therapeutics[23]. Multiple non-
specific drugs are used to prevent migraine and fall into
several classes including: antihypertensives, antidepres-
sants, anticonvulsants and calcium channel blockers[23].
More recently, therapeutics that target the underlying mi-
graine pain pathway have come to the market, monoclonal
antibodies targeting calcitonin gene related peptide
(CGRP) or its receptor with remarkable efficacy[23].
Treatments for migraine, whether abortive or preventa-
tive, are only symptomatic treatments as they do no treat
the underlying pathology.

Idiopathic intracranial hypertension: Epidemiology,
features and treatments

ITH is metabolic disease defined by raised intracranial
pressure (ICP) and papilledema of unknown aeti-
ology[24-28]. IIH is a rare disease, affecting 4.69 per
100,000 in the general population, where the incidence
is increasing in line with the increasing incidence of
obesity[29]. Indeed, the incidence of IIH is 20 per
100,000 in the obese population, with up to 64 per
100,000 in females[30]. There a several phenotypic pre-
sentations of ITH, however the most common is present-
ing in obese women of reproductive age. Thus, the
disease associated with the female gender and obesity is
the ITH that will be discussed in this review.

ITH patients present with a plethora of features outside
of the diagnostic criteria that are seen in excess to that
conferred by obesity. Cognitively, IIH patients have defi-
cits in executive function and attention[31]. Perhaps
linked to this, roughly half of ITH patients have obstruct-
ive sleep apnoea (OSA), where reduction in OSA follow-
ing weight loss is associated with improved executive
function and attention in IIH[32]. Headache is a pre-
dominant symptom in IIH, where over 90 % of patients
experience headache. Headache represents the biggest
cause of morbidity and disability after the visual compo-
nents of the disease are resolved[33]. The headache
phenotype in IIH has previously been reviewed in detail
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by Mollan et al.; where the headache phenotype in IIH is
predominantly migrainous, thus leading to a state mim-
icking chronic migraine[34]. Given this evidence, we will
consider migraine headache and IIH headache mechan-
istically synonymous in this review. Likely linked to the
chronic headache in ITIH, depression is a feature of IIH,
perhaps unsurprising given the presence of chronic
pain[35]. Indeed, IIH patients report that headache is
the primary determinate in their quality of life and once
resolved quality of life is much improved[33]. However,
the other features of IIH are also reported to reduce
their quality of life[36]. The mechanisms underlying the
headache in IIH remain unelucidated and has been
highlighted as a research focus[37].

Multiple treatments for ITH exist and depend on the
severity of papilledema. In cases of fulminant IIH (vision
at risk) neurosurgical CSF diversion is used to preserve
vision[38]. Otherwise, IIH is medically managed primar-
ily with acetazolamide and secondarily with topira-
mate[38]. These drugs are proposed to reduce ICP.
However, a Cochrane review suggests that there is cur-
rently insufficient evidence to prescribe any drug for
therapy in IIH[39]. Therapeutically, it has been demon-
strated that weight loss improves the headache pheno-
type in IIH, in tandem with ICP reduction (see Table 1
for representative studies) [40]. However, IIH headache
often persists after resolution of raised ICP and papille-
dema, this would suggest central sensitisation to pain
stimuli[34, 41].

With regards to headache specific treatment, a recent
open label study has demonstrated that the CGRP recep-
tor monoclonal antibody erenumab reduces headache
disability and morbidity in IIH patients who were
already in ocular remission, i.e. with persistent head-
ache[42]. Furthermore, erenumab has been demon-
strated to treat headache in active IIH, while raised ICP
and papilledema remain[43]. However, given the open
label, non-controlled nature of these studies, further in-
vestigation is required. These studies suggest that other
migraine specific therapeutics should be investigated for
efficacy with IIH headache. Additionally, there is consen-
sus that more research is required in understanding and
treating headache in ITH[37].

Epidemiology of migraine with obesity

Given that obesity and migraine are ubiquitous in the
population, it is inevitable that individuals will have con-
current obesity and migraine. Indeed the bulk of the lit-
erature suggests that there is an association between
obesity and increased incidence of migraine[44]. A re-
cent meta-analysis demonstrated that when covariates
are taken into account, obesity confers a 21 % increase
in migraine diagnosis when compared to non-obese con-
trols[45]. However, this increased risk is low compared
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Table 1 Weight loss treatments and effects on headache in migraine and IIH. Data presented depicts means before and after
Body mass index, VAS = Visual analogue scale, VRS = Verbal rating scale, MIDAS = Migraine disability assessment

intervention. BMI =

(2021) 22:123
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Migraine
Migraine phenotype Treatment Weight change  Headache frequency Headache severity/ medication Ref
(BMI) intake
Episodic migraine Ketogenic diet 3 monthson  27.5to 23.2 (n/month):5.1 to 32 (P < Tablet intake (n/month): 4.9 to [52]
w/out aura diet 0.05) 2.8 (P<0.05)
Episodic migraine Nutritionist assisted diet, 3 278 t0 24.6 (n/month): 6.3 to 42 (P < Tablet intake (n/month): 5.9 to
w/out aura months 0.05) 3.8 (P<0.05)
Migraine ICHD2 Vegan diet 16 weeks 269 to 255 (n/week):2.1 to 1.7 VAS: 6.0 to 3.6 (P <0.0001) [53]
Migraine ICHD2 Placebo dietary supplements  26.2 to 26.2 (n/week):2.1 to 1.8 VAS: 4.7 to 4.1
16 week
Migraine w/out aura ICHD2 Gastric banding, 6 month 42410 346 (n/month): 6.0 to 1.0 (P < MIDAS: 21 to 4 (P <0.001) [54]
follow-up 0.001)
IIH
Phase of disease at study Treatment Weight change  Headache frequency Headache severity Ref
entry (BMI)
>3 months after diagnosis Low calorie diet trial 386 t0 326 (Days/week): 44 to 2.1 VAS: 42 t0 19 (P=0.015) [55]
3 months (P=0011)
Mean 1 year after diagnosis at Bariatric surgery 44.2 10 35.1 (Days/week): 5.5 to 1.8 VRS: 5.0 to 3.2 (P=10.002) [40]
baseline 1 year after randomisation (P<0.00T1)
Mean 1 year after diagnosis at Community weight 43.7 10 43.1 (Days/week): 5.6 to 4.1 VRS: 5010 40 (P=0.1)
baseline management (P =0.007)
1 year after randomisation
Newly diagnosed Routine clinical care 1Y 355t0 318 Daily 86-43 % VAS: 75 to 45 [41]

follow-up study

to the cardinal comorbidities associated with obesity in-
cluding type 2 diabetes mellitus (574 %) and hyperten-
sion (84 %)[3].

When assessing by age group, it is clear that obesity
increases the risk of migraine for patients under 55 years
old, particularly for women[46]. This increased incidence
in early life is in keeping with the general migraine
population and suggests an endocrine component to
obesity associated migraine. Obesity effects migraine
phenotype, whereby patients with concurrent migraine
and obesity are more likely to have a chronic migraine
(CM) diagnosis[47]. This suggests that obesity is a risk
factor for migraine chronification [47]. Additionally,
obesity is associated with a BMI dependent increase in
migraine disability, suggesting that obesity increases se-
verity of migraine attacks[48]. Linked to this, obesity has
also been demonstrated to be associated with a higher
attack frequency, where an apparent dose dependent re-
lationship exists between BMI and headache days[49]. In
the paediatric population higher BMI is also associated
with increased severity, frequency and disability of mi-
graine, however additional studies are required to con-
firm this single study[50].

Intuitively, if obesity contributes to the severity of mi-
graine, then weight loss would confer an improvement
of symptoms. Indeed, a recent meta-analysis highlights
that weight loss, independent of intervention, reduces

headache duration, frequency, severity and disability as-
sociated with migraine (see Table 1 for representative
studies)[51]. This suggests that weight loss is a potential
therapeutic strategy for migraine, given that the outcome
was independent of starting BMI. Weight loss has also
been demonstrated to reduce headache days in paediat-
ric migraine[50]. However, given the low numbers in the
weight loss studies, more extensive clinical studies are
required in assess the efficacy of weight loss as a mi-
graine treatment. Although weight loss has therapeutic
benefits in migraine, weight loss is difficult to achieve
and maintain, thus understanding the molecular under-
pinnings of obesity related migraine is vital in the devel-
opment of novel therapeutics.

Together, the evidence highlights that obesity confers
an increased risk of developing migraine, in particular
increasing migraine morbidity. This increased morbidity
could partially explain why obese patients are more
likely to report migraine: more severe symptoms would
necessitate clinical intervention rather than self-
management.

Migraine pathophysiology and obesity

The cause of primary migraine is still unknown, however
it is considered to involve genetic factors, activation of
the trigeminovascular system, changes in thalamic func-
tion and/or dysfunction of the brainstem and release of
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neuropeptides such as calcitonin gene-related peptide
(CGRP)[16]. However, it is clear that in the majority of
cases of migraine, it is a combination of these factors
that leads to the onset of a migraine attack. Genetics, en-
vironment and biochemical factors play a cumulative
role altering the threshold for a migraine attack.

Genetics play a large role in the susceptibility of devel-
oping migraine, perhaps up to 50 % of the risk[23]. The
vast majority of migraine it thought to be mediated by an
accumulation of migraine promoting polymorphisms, i.e
migraine susceptibility is a consequence of polygenic
risk[56, 57]. However, the polygenic risk is not determina-
tive for migraine. Rather, it lowers an individual’s thresh-
old for migraine, meaning other factors that can
precipitate a migraine have the opportunity to prevoke a
migraine attack.

CGRP is a potent vasodilatory neuropeptide which also
transmits nociceptive information and consists of two
variants; aCGRP and BCGRP. aCGRP is predominantly
expressed in the central nervous system and BCGRP is
primarily expressed in the enteric sensory system. CGRP
has been demonstrated to have a significant role in mi-
graine pathophysiology as clinical studies have shown in-
creased levels of CGRP in serum, cerebrospinal fluid,
and saliva of migraine patients[58—61]. In support of
this, systemic infusion of CGRP can trigger a migraine
headache in patients[62]. Therefore, targeting CGRP sig-
nalling with small molecule receptor antagonists or with
monoclonal antibodies targeted to either the ligand or
receptor, have been developed with clinical efficacy[63].
The CGRP receptor consists of the calcitonin receptor-
like receptor (CLR) and receptor activity-modifying pro-
tein 1 (RAMP1)[64—66]. CGRP can also act and function
via the amylin 1 receptor consisting of calcitonin recep-
tor (CTR) and RAMP1, suggesting that CGRP can act at
more than one receptor[67, 68]. CGRP and its receptors
are widely distributed in the CNS, particularly at regions
thought to be involved in migraine pathophysiology, in-
cluding the trigeminal ganglion (TG), dura mater, brain-
stem and the cerebellum[69-74].

In the context of obesity, it has been shown that
women with obesity had elevated plasma levels of CGRP
compared to controls[75]. Preclinical studies have also
demonstrated a link between obesity and CGRP. Zucker
rats, a model of genetic obesity through hyperphagia re-
lated to a non-functioning leptin receptor, have elevated
plasma levels of CGRP while pre-obese, although this
was not assessed in obese rats[76]. In a specific aCGRP
knockout («CGRP™'") mouse model, it was demon-
strated that these mice were protected from diet-
induced obesity and maintained normal glycaemic con-
trol[77]. This suggests that CGRP has role in metabolic
regulation, likely linked to CGRP receptor in the gut[77].
The effect of obesity on the trigeminovascular system
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has been investigated in rodents, where the basal release
of CGRP from meningeal afferents was increased in
diet-induced obese rats[78].

The pancreatic hormone amylin is a pro-satiety hor-
mone and is released in the post-prandial state[79].
Amylin shares 25-50 % sequence homology with CGRP
and is a well characterised agonist of the CGRP receptor.
As with CGRP, levels of amylin are also elevated in
obese individuals[79]. Amylin and its analogues are
known to induce migraine attacks in patients with mi-
graine[80]. As such, the dual increase of serum amylin
and CGRP in obesity could contribute to the increased
risk of migraine associated with obesity. Clinically, amy-
lin analogues have been developed to treat type 1 and
type 2 diabetes mellitus as well as obesity[81]. Given the
capacity of amylin and its analogues to promote head-
ache, the migraine history of a patient should be consid-
ered prior initiating amylin receptor agonist therapy to
treat diabetes.

Another mechanism that may be involved in migraine
is cortical spreading depression (CSD)[82, 83]. CSD con-
sists of a spreading wave of depolarization associated
with a reduction of cortical activity and has been related
to migraine with aura. CSD in rodents can be evoked by
various experimental triggers, and it is used as a model
for migraine aura and for evaluating anti-migraine
drugs[82, 84-86]. Obese Zucker rats have been demon-
strated to have an increased number of CSDs, suggesting
obesity affects cortical excitability [87]. Interestingly, in
lean rats a CNS infusion of leptin increases the number
of CSD’s, linking the higher serum leptin levels in mi-
graine with aura with the proposed increase of migraine
with aura in obese females[87-89]. However other
physiological changes in obesity may affect the qualities
of CSD’s, this requires further investigation.

These studies demonstrate that factors associated with
migraine development, are increased in the context of
obesity. Consequently, this provides biochemical evi-
dence that obesity could contribute to an increased risk
of developing and aggravating migraine.

Endocrinology and body composition in migraine and IIH
Although it is apparent that obesity is associated with
migraine and IIH, the mechanisms underlying this re-
main unclear. Obesity has profound effects on human
metabolism and endocrinology, where the distribution of
adiposity dictates the level of metabolic and hormonal
derangement[90, 91]. More specifically, abdominal and
visceral obesity is associated with more severe metabolic
outcomes[90, 91].

Given this, it is curious that abdominal obesity was as-
sociated with a higher prevalence of migraine in both
men and women below 50 years of age, although women
are particularly affected (OR =1.26)[46]. In addition, at a
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given BMI, migraine patients with cutaneous allodynia
have greater visceral adiposity compared to migraine
without cutaneous allodynia. This visceral adiposity
present with cutaneous allodynia is associated with in-
creased disability[92]. Assessing the capacity of weight
loss to modify cutaneous allodynia in migraine patients
would be important to allow additional strategies to
manage this disabling feature of migraine. No differences
in the pro-inflammatory cytokines TNF-a and IL-6 were
observed between cutaneous allodynia and non-
cutaneous allodynia patients, suggesting inflammation is
not a factor underlying the cutaneous allodynia[92]. This
highlights a need to further investigate the potential aeti-
ology of the cutaneous allodynia observed with increased
visceral adiposity. This link between visceral adiposity
and cutaneous allodynia is curious as both cutaneous
allodynia and obesity are risk factors for migraine chron-
ification and disability[20, 47]. Given that increased vis-
ceral adiposity is associated with migraine, it could be
expected that migraine patients have an altered hormo-
nal profile, as is observed in abdominal obesity. In the
context of IIH, recent evidence suggests that these
patients have increased abdominal obesity relative to
matched obese controls and that this abdominal fat
plays a key role for the development of ITH[26]. It is
yet unknown if adiposity itself is associated with
headache in IIH.

Several studies have assessed the link between mi-
graine and insulin resistance, a key metabolic feature of
obesity. They demonstrated a degree of insulin resist-
ance among fasted migraine patients as measured by the
homeostatic assessment model (HOMA) compared to
BMI and aged matched controls[93—-95]. However, there
is disagreement as to whether a CM or episodic mi-
graine (EM) diagnosis is more highly associated with in-
sulin resistance relative to controls. When directly
comparing CM and EM, CM patients were demon-
strated to be more insulin resistant than EM patients[93,
94]. These data could suggest similarities in the molecu-
lar underpinnings of CM and insulin resistance. In all
these studies the migraine and control population were
matched for BMI and none of the groups fell in the
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obese BMI category, and there were no changes in fast-
ing glucose and glucose tolerance tests. The increased
insulin resistance in CM could be linked to the afore-
mentioned increased risk of CM in obesity. However, to
our knowledge no studies have assessed insulin resist-
ance in patients with concurrent obesity and migraine
vs. patients with obesity. Such studies would help to de-
lineate whether the increased insulin resistance in mi-
graine is associated with concomitant obesity or a
consistent part of the pathology. This increased insulin
resistance in migraine is consistent with the observations
of increased abdominal adiposity in migraine. In IIH,
there is a severe insulin resistance phenotype, greater
than that conferred by obesity[26]. Again, this increased
insulin resistance is in keeping with increased abdominal
obesity for a given BML

The adipokine leptin, which is raised in obesity, has
also been associated with migraine. A single study has
demonstrated that migraine patients have a higher
serum leptin level, when adjusted for age, sex and
BMI[88]. When split into migraine with aura (MA) and
without aura (MO), MA patients had raised serum leptin
whereas MO did not have raised leptin [88]. This likely
links to the proposed increased risk of MA in women
with obesity, particularly because women with obesity
have higher serum leptin relative to males with obes-
ity[89, 96]. Given the link between MA and CSD, the
clinical findings of raised leptin in MA patients corrob-
orate the pre-clinical finding that leptin experimentally
alters CSDs and potentially provides a partial mechan-
ism[87]. IIH patients have hyperleptinaemia in excess to
that conferred by obesity[26]. However, in contrast to
migraine where high leptin is associated with aura, there
is currently little understanding about the frequency of
aura in IIH patients. A single study reported 10 % of ITH
patients have aura, much lower than the ~30% in the
general migraine population[97].

The studies presented demonstrate that there are simi-
larities between obesity, migraine and IIH at the bio-
chemical and anthropomorphic level (Table 2).
However, whether the similarities are coincidence or
contributors to headache parthogenisis requires further

Table 2 Hormonal and anthropomorphic comparisons between obesity, migraine and IIH. Migraine with aura = MA, chronic

migraine = CM, cutaneous allodynia = CA

Hormone Migraine Obesity IIH

CGRP Ictal 1[1] 12] Not investigated
Amylin Inter ictal 1 [3] 1[4] Not investigated
Leptin MA 1 [5] 1 16] "7
Hormone state

Insulin resistance CM? BMI Independent [8] 1 9] M7

Central adiposity 1 CA[10]

1 body fat [9] 1 Central obesity [7]
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investigation. The present studies do not compare the
endocrine profile of obesity related migraine to obesity.
Such studies could help identity key differences that
point to pathogenic moieties.

The link between obesity and migraine, in-vivo
behavioural and functional evidence

Several animal studies have explored the effects of obes-
ity on migraine-like behaviour in mice, where photopho-
bia and nocifensive behaviours have been assessed. It
was demonstrated that both obese female and male mice
develop a very modest basal photophobia that was ac-
centuated by facial administration of capsaicin, a TRPV1
agonist and nociceptive[98, 99]. The degree of photo-
phobia was weight dependent in high fat diet males, but
not in female mice[98, 99]. This photophobic phenotype
is replicated in genetically obese 0b/ob mice on a normal
diet, whereas lean mice on a high fat diet did not exhibit
this behaviour, suggesting that excess adiposity confers a
photophobic phenotype rather than a high fat diet[98].
However, the basal photophobia studies required large
numbers of mice (n>40) indicating a small effect that
may not be functionally relevant.

There is also a suggestion of facial thermal cutaneous
allodynia in obese mice, where obese female mice de-
velop a stronger allodynia[100]. Paradoxically ob/0b mice
show facial thermal cutaneous hypoalgesia, linking the
presence of leptin to cephalic pain[101]. Although there
is a suggestion of thermal cutaneous allodynia, there is
currently no evidence of mechanical cutaneous allodynia
in obese rodents. The capacity of obesity to modify
mechanical cutaneous allodynia should be assessed given
that mechanical cutaneous allodynia is readily treatable
with migraine specific dugs in rodents[102]. The modest
basal differences in behaviour that are modified by nox-
ious stimuli suggest that excess adiposity increases the
sensitivity of the rodent trigeminovascular system to
noxious stimuli. Together, these data provide behav-
ioural evidence that obesity potentiates migraine related
nocifensive behaviour in rodents and thus provides pre-
clinical evidence for the link between obesity and
migraine.

Functional alterations in the trigeminovascular system
Given the evidence that obesity adversely alters nocifen-
sive behaviours associated with migraine and sensitivity
in the trigeminovascular system, one would expect to
observe obesity associated functional disturbances in
these structures that could underlie these behavioural
differences.

Cultured TG neurons derived from obese mice had a
stronger calcium response to capsaicin than those de-
rived from non-obese mice, indicating increased sensitiv-
ity to a noxious stimulus via TRPV1 agonism[98].
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Although the mechanism underlying this was not delin-
eated, it is feasible that it could be mediated by obesity
associated inflammation. Pro-inflammatory cytokines
promote membrane translocation of TRPV1 in nocicep-
tive neurons, although this has yet to be demonstrated
in the context of the TG in obesity[103]. Additionally,
the capacity of obesity to alter CGRP release in TG has
not been assessed.

It has been shown that dura mater from obese, insulin
resistant rats released more CGRP basally and when stim-
ulated with TRPA1 and TRPV1 agonists acrolein and
capsaicin in the half cranial model [78, 104]. This corrobo-
rates the increased TRPV1 sensitivity of obese TG neu-
rons to capsaicin, where in situ, TG neurons innervate the
dura mater[98]. This increased response to noxious stim-
uli in the dura mater and TG may explain why capsaicin
administration causes increased pain signalling, as indi-
cated by increased activation in the external laminae of
the trigeminal nucleus caudalis in obese mice, suggesting
increased sensitivity to noxious stimuli [105].

Vasodilation in dural arteries is a proposed site for the
origin of migraine pain[16]. Consequently, changes in
sensitivity to vasodilators may alter the likeliness of de-
veloping a migraine. In obese rats, TRPA1 and TRPV1
agonists potentiate middle meningeal artery (MMA)
blood flow, thus cause a vasodilation to a greater magni-
tude compared to control rats[78, 104]. Interestingly his-
tamine and CGRP responses to MMA blood flow were
comparable between obese and control rats, suggesting
that the mechanism behind the difference is in part
neuronal, rather than vascular. However, given the in-
crease in basal dural CGRP release, dural arteries could
become resistant to CGRPs vasodilatory functions. To-
gether these studies suggest that the dural afferents of
obese rats are more sensitive to noxious stimuli, thus
promote a reflex associated with migraine.

Together this body of evidence suggests that obesity
increases the sensitivity of the trigeminovascular system
to noxious stimuli, supporting the capsaicin induced be-
havioural abnormalities seen in obese mice. However,
the present body of work does not pinpoint the molecu-
lar origin of these trigeminovascular disturbances in
obesity and thus the increased noicfensive behaviour
(Fig. 1). Additionally, the majority of work assessing the
effects of obesity on migraine-like behaviour in rodents
has been done in male rodents. Given that females make
up the majority of migraine patients, assessing the effects
of obesity on migraine-like behaviour in female rodents
is essential.

Obesity related factors and inflammation

Obesity is a disease of chronic systemic and tissue level
inflammation and endocrine dysfunction; adipose tissue,
the liver and pancreatic islets demonstrate obesity
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Fig. 1 The effects of obesity on headache and the trigeminovascular system. Obesity has been demonstrated to affect several aspects associated
with headache. Obesity alters headache-like behavior including increasing photophobia and thermal allodynia. This is associated with a series of
physiological differences including increased cortical spreading depression (CSD) frequency. The trigemino-vascular system (TGVS) also is altered
with obesity where the release of calcitonin gene related peptide (CGRP) from dura middle meningeal artery (MMA) calibre (&) display a greater
response to noxious stimuli. The molecular underpinnings of these are unknown and it is unknown how obesity related systemic inflammation

and intracranial pressure (ICP) alter the TGVS or headache in general

specific inflammation[13-15]. This inflammation is
caused in part by the secretion of cytokines from tissue
resident and infiltrating macrophages[13—15]. Given the
systemic and local inflammation, and endocrine dysfunc-
tion in obesity, it is plausible that obesity is affecting the
physiology of the trigeminovascular system. This is par-
ticularly important as the TG and dura mater are out-
side of the blood brain barrier (BBB) and thus exposed
to the circulating inflammatory milieu associated with
obesity [70]. Although the effects of obesity on inflam-
mation and the endocrinology of the trigeminovascular
system remain unclear, investigations into the effect of
induced inflammation can provide insight into this
under researched area and highlight future research
avenues.

IL-1P is a classic pro-inflammatory cytokine and po-
tent hyperalgesic that is raised at the serum and tissue
level in both obese humans and rodents[106]. Function-
ally, IL-1p has the capacity to increase the membrane
potential of small TG neurons. These nociceptive neu-
rons demonstrated more spiking behaviour upon IL-1f
administration through altered K" conductance[107,
108]. This suggests that the nociceptive neurons become
more sensitive to stimuli, thus nociception. This study
also demonstrated that peripheral inflammation induced

upregulation of IL-1B on TG satellite glial cells and up-
regulation of IL-1pB receptor on TG neurons[107]. This
suggests that paracrine signalling between activated sat-
ellite glia and TG neurons could drive increased sensitiv-
ity of the TG nociceptors. The altered K* conductance
in inflammation is likely directly linked to migraine
pathology. The K*™® channel opener levkromakalim has
been demonstrated to induce migraine in humans and
migraine-like behaviour in mice, where K*™" channel
opening is hypothesised to be a common pathway in mi-
graine pain[102, 109]. Given this evidence, it is feasible
that both the dura mater and TG are exposed IL-1f in
the context of obesity. However, in the context obesity,
it is unknown whether there are tissue level increases of
IL-1P in migraine related structures.

TNF-a is another pro-inflammatory cytokine associ-
ated with obesity that induces hyperalgesia[110]. How-
ever, rather than being raised systemically, TNF-a
expression in obesity is increased at the tissue level in
tissues such as adipose tissue and the liver among
others[111, 112]. As such, in the context of pro-
inflammatory stimuli in obesity, it is conceivable that
TNE-a expression is raised in the trigeminovascular sys-
tem. TNF-a causes CGRP release in cultured TG neu-
rons in a dose dependent manner[113]. Furthermore,
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TNF-a derived from macrophages has been demon-
strated to increase cephalic allodynia in a rat TG trauma
model, which is treatable via TNF-a sequestration with
etanercept[114]. This demonstrates that activated mac-
rophages have the capacity to promote nociception in
the TG via TNF-a mediated paracrine signalling. Given
that TNF-a expression is increased at the tissue level in
obesity, particularly in tissue resident macrophages, it
could be hypothesised that obesity causes an upregula-
tion of TNF-a in TG macrophages and promote noci-
ception[111, 112]. Further work is required to link
inflammation and the TG in the setting of obesity.

Together, these data highlight that nociceptive cyto-
kines known to be raised in obesity have the capacity to
promote nociception at the TG. However, the expression
of pro-inflammatory cytokines has yet to be assessed in
an obese migraine model and thus should be a focus of
future research.

Intracranial pressure, obesity and headache

In obesity, there is a growing body of evidence that in-
creased BMI is associated with increased ICP [115, 116].
Indeed, body fat percentage and ICP positively correlate
in a mixed neurological patient cohort[117]. Further-
more, in patients with IIH it has been demonstrated that
truncal adiposity positively correlates with ICP[118]. In
addition, obese Zucker rats have raised ICP[119]. To-
gether these data link adiposity to raised ICP, although
the potential mechanisms underlying this are uneluci-
dated. However, it is controversial as to whether ICP dir-
ectly contributes to headache.

In IIH, weight loss and concurrent ICP reduction im-
proves headache. Consequently, it could be suggested
that deranged ICP dynamics have the potential to dam-
age components of the trigeminovascular system causing
headache or central sensitisation to pain[40]. Indeed, the
structures associated with migraine are within the cen-
tral nervous system, where they are under the mechan-
ical influence of ICP and any changes in ICP could
cause pain. Consistent with this, cortical tissue from IIH
patients demonstrated pathological features such as
astrogliosis, BBB leakage and abnormal mitochondrial
morphology, which correlate with pathological ICP
waveforms [120—122]. Furthermore, ICP may alter cen-
tral sensitivity to pain: it has been demonstrated that
ICP correlates with cutaneous allodynia and that redu-
cing ICP causes a reduction in cutaneous allodynia in
IIH patients[123, 124]. This suggests that raised ICP
could lower the threshold for a migraine attack. Direct
evidence of ICP influencing and potentially damaging
the trigeminovascular system is lacking. Further evidence
that raised ICP in the context of obesity could contrib-
ute to migraine is that one study has demonstrated that
10% of chronic migraine patients met the diagnostic
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criteria for IIH without papilledema (IIHWOP), where
ITHWOP is otherwise considered a rare presentation of
ITH[125].

Given the evidence that headache in IIH can be
treated with erenumab, this suggests that either the pres-
sure related headache in IIH is migraine, or that the ITH
headache and migraine have differing pathophysiology
and present in the same phenotype. Perhaps in agree-
ment with this, a resent in vivo paper demonstrated that
different rodent migraine triggers can signal through dif-
fering pathways[126].

Obesity mediated ICP increases could also alter CSD
frequency: it is established that pathologically raised ICP
is associated with increased CSD frequency in experi-
mental and clinical settings[127, 128]. Indeed, obese
Zucker rats have been demonstrated to have both raised
ICP and increased CSDs, although it has yet to be specif-
ically demonstrated that obesity mediated ICP increases
alter CSD[87, 129]. Thus, obesity mediated ICP increases
could explain the increased MA in obese females, al-
though the apparent reduction in aura in IIH confuses
the situation. Further research is required to understand
the link between raised ICP and aura.

With all of this however, it is unclear as to what de-
gree an ICP increase may increase migraine sensitivity
or directly cause a headache. This should thus be an av-
enue for future research. Additionally, further investiga-
tion into the ICP phenotype in both lean and obese
migraine patients is important to delineate the role ICP
has in migraine-like headache.

Conclusions

Migraine and obesity affect large numbers of individuals
around the globe. A clear link between these diseases ex-
ists, both through epidemiology and evidenced though
clinical intervention. It is apparent that obese migraine
patients exhibit a more disabling phenotype than non-
obese migraineurs. Furthermore, raised ICP, as present
in ITH, is associated with obesity and headache. The pre-
clinical evidence demonstrates that obese rodents show
migraine-like behaviour and have functional abnormal-
ities in the migraine related structures. However, these
pre-clinical studies fail to identify the molecular under-
pinnings linking obesity to migraine or IIH, understand-
ing of this could stimulate the development of
therapeutics for obesity related migraine.
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