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Abstract

Migraine is a prevalent heterogeneous neurological disorder, enumerated as the eighth most disabling neurological disorder by the World
Health Organization. The growing advancement in technology and investigation of various facets of cerebral metabolism in migraine
has shed light to metabolic mechanisms in migraine pathophysiology. A growing number of clinical research postulates migraine as
a reaction to oxidative stress levels that go beyond antioxidant capacity or cerebral energy deficiency. This has become an extremely
attractive subject area and over the past years there has also been a sustained research activity in using ketone bodies (KB) as a novel
potential migraine prophylaxis. Not much epidemiological research has been conducted to exhibit the efficacy of ketone bodies in
abnormal metabolism in migraine pathophysiology. Therefore, a better understanding of ketone bodies in metabolic migraine may
provide novel therapeutic opportunities. The goal of this review is to assess present understanding on potential migraine triggers, as well
as how ketogenic interventions support metabolic disability in migraines and address the therapeutic importance of ketones in migraine
treatment, accenting clinical studies (including neuroimaging and therapeutic studies). This review is intended to demonstrate existing
literature on the effects of ketone bodies on metabolic migraine traits to guide the readership through current concepts and foster a
perspective for future research.
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1. Introduction under 50 years old [5]. While a majority of the incidences
happen throughout the most active years of life, migraine
is not just responsible for the enormous level of agony but
also imposes a large amount of expenses on the society [6].
Given that, about 1228$ billion per year just in Europe sum
up the total costs when estimations of health-care related ex-
penditures and wastes caused by inclined productivity are
considered [6]. Early concepts of migraine were primarily
based on vascular pathophysiology [7]. However, bearing
in mind that there is a high prevalence of migraine, migraine
genotypes might have bestowed some kind of evolutionary
advantage to humans [8]. Because over 15% of our pop-
ulation is affected by this condition, it appears improbable
that the common gene polymorphisms behind it does not
confer to any evolutionary advantage [9]. Given this, hav-
ing a susceptibility to migraine could be conceivably linked
with reproductive or survival advantages, such as the conse-
quences the human species have to endure for possessing a
high-performing, highly advanced, and energy-consuming
brain [10]. Given that the adult brain needs an excessively
big energy reserve, although it only embodies around 2%
of our total body weight, it spends an estimated 20% of
whole-body energy demands, mainly in the form of glu-
cose [11]. Whereas the brain typically depends on glucose
as the main energy source, different substrates might be
able to support metabolism also, particularly during times

Headache affects a large population in the world and
the estimated prevalence among adults of current headache
disorder is about 50% [1]. This makes headache disorders
become the most prevalent neurological conditions, yet a
minority of people with headache disorders is diagnosed
appropriately by health-care provider [1]. The impact of
headache disorders on society is still an underrepresented
public health issue, yet it is an exponentially fast-growing
research subject because of the globally increasing disabil-
ity rate caused by headache [2]. Nevertheless, among those
estimated 50% of the adults aged 18—65 years in the whole
world population, who have experienced headache in the
last year, over 30% have reported migraine [1]. Migraine is
a common and debilitating primary headache disorder and
is regarded as the second most common neurological dis-
order, that diminishes quality of life [3]. It is characterized
by mostly unilateral throbbing head pain accompanied with
neurological symptoms including hypersensitivity to light,
sound and smell, nausea, and a variety of autonomic, cog-
nitive, emotional, and motor disturbances [4]. An estimate
of 17% of woman, 8% of men in Europe and >15% of the
population worldwide are known to be suffering from mi-
graine headache [4]. According to the World Health Orga-
nization (WHO), migraine is the eighth most disabling dis-
ease, and presents the leading cause of disability in people
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when glucose reserve remains limited or insufficient, es-
pecially while on low carbohydrate diets and fasting [12].
After all, ketone bodies (KBs), as well as lactate, repre-
sent the prime alternative energy sources for the brain. Ke-
tonemia can be obtained by the intake of supplements such
as exogenous ketone esters, salts, or ketogenic medium-
chain fatty acids (MCFA), or during non-fasting states such
as ketogenic diets [12]. Given that, the question remains
whether a metabolic vicious cycle, so-called “energy deficit
syndrome”, is a potential cause of migraine? In turn, can
a novel metabolic approach be a keystone for future mi-
graine treatment? Therefore, in the scope of this proof-of-
concept review, an area of renewed interest in (1) current
understanding of migraine pathophysiology, (2) diagnosis
of migraine, (3) prevalent migraine triggers in correlation
to pathophysiological mechanisms in migraine, (4) the role
of metabolism in migraine susceptibility, and (5) potential
migraine-protective mechanism and treatment with ketone-
bodies will be discussed.

2. Background
2.1 Pathology of Migraine

Migraine evolves through the interplay of a genet-
ically predisposed human in a suboptimal environment,
hence considered as a multigenic and multifactorial disease
[1]. According to IHS [1], the features of migraine are re-
current moderate to severe, typically throbbing, and unilat-
eral headache attacks that generally last between 4 to 72
hours. These burdensome headache attacks are aggravated
by any kind of physical activity and accompanied by either
photo-, phono-, or osmophobia, nausea or a combination of
these. Migraines occur usually with neurological symptoms
during a premonitory phase, which precedes the headache
by up to 12 hours and a postdrome phase, which is followed
by the dragging migraine headache and can last hours or
days [7].

2.2 Current Understanding of Migraine Pathophysiology

Headache carries a history of nearly 600 years and the
present conception of migraine was recognized at the very
start of the 17th century [13]. In the early days, migraine
used to be seen as a solely vascular disorder, in view with
vasodilation as the largest cause to migraine headache [7].
Nevertheless, this assumption has meanwhile been refuted
[7]. Today it is believed to be a neurogenic and possibly
even a neuro-metabolic disorder [10]. The metabolic as-
pects of migraine were considered only relatively recently
[1]. The activation and sensitization of the trigeminal pain
pathway is understood as the current origin of the migraine
headache, where afferents tightly innervate the meninges
and its associated blood vessels [14—16]. The brain stem
and diencephalic nuclei have been observed to control the
trigeminovascular system, which involves efferent neurons
providing vascular networks and afferent neurons that in
turn send information to the trigeminal nucleus caudalis

[17-19]. Given that, headache is considered as vasodila-
tion and meningeal inflammation caused by the activation
ofthese networks [13]. The exact process of how and where
exactly it initiates is still unknown [12]. Clinically, the pro-
cess can be subdivided in four stages: Premonitory, Aura,
Headache and Post-dromal. These phases usually occur in
sequences, but may overlap also [12]. Migraine occurs in
women three times more often than in men, especially dur-
ing the reproductive years of women [20]. The cause of
this gender difference may be linked to the different sexual
hormones produced in male and females, such as proges-
terone and estrogens that play an essential role in the dis-
ease [21]. For instance, migraines can be triggered during
fluctuations in estrogen levels, and thus higher incidences
of migraines can be observed around the time of menses,
perimenopause and menopause [20]. Moreover, hormonal
headaches during pregnancy seem to happen less often, but
increase after delivery. Therefore, hormone replacement
therapy and/or oral contraceptives may lead to migraine at-
tacks [20]. Nevertheless, the significant gender difference
in frequency, prevalence, and intensity of migraine cannot
be explained by hormonal causes only, and thus other bi-
ological and behavioural differences should be taken into
consideration [20].

Evolutionary aspect of Migraine

Nutrition has changed greatly during the past 10,000
years and furthermore, the agricultural revolution guaran-
teed the existence of one macronutrient up until the present
day: carbohydrate [22]. One study demonstrated that
based on genotype, especially mitochondrial (mt) DNA-
haplotype, certain diets consisting of excessive carbohy-
drates, may cause a decreased mitochondrial function and
higher levels of oxidative stress [23]. Hence depending
on the specific mitochondrial DNA (mtDNA) variations
one has, a person may metabolise carbohydrate differently,
which could affect a variety of diseases such as migraine
[23]. Interestingly, in the past, the correlation between
metabolism and migraine has been examined before where
migraine was referred as a “hypoglycaemic headache” [24].
Nevertheless, most studies in migraine focused on its vas-
cular origin until Willem Amery restored the concept again
how metabolism plays a role in the pathogenesis of mi-
graine [25].

2.3 Diagnosis of Migraine

Despite migraine being known as a very heteroge-
neous disorder, two major subtypes of migraine are differ-
entiated: (1) migraine without aura and (2) migraine with
aura.

2.3.1 Migraine without Aura (MO)

As formulated in the International Classification of
Headache Disorders (ICHD-3), migraine without aura
(MO), also known as common migraine or hemicrania sim-
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Table 1. The diagnostic criteria for migraine headache as formulated by the international headache society [1].

Migraine without aura

Migraine with aura

-Minimum of five headaches within 4-72 h

-Minimum of five headaches, among which at least two episodes

must be accompanied by an aura

-Pulsation

-The headache should begin with, or be within 60 min of, the aura

-Unilateral location

-Intense pain

The aura must consist of
-reversible dysphasic speech
-unilateral sensory

-homonymous visual symptoms

-Exacerbation of headache with routine activities

—These features are accompanied by vomiting or nausea and
phonophobia or photophobia. Minimum of one symptom that grad-
ually increases with time and each symptom ranges from 5 to 60

min.

—Minimum of one symptom that gradually increases with time and
each symptom ranges from 5 to 60 min.

Adapted from [13].

plex, is a recurrent headache disorder manifesting in attacks
lasting 4 to 72 hours [1]. At least five attacks are required to
distinguish a MO from symptomatic migraine-like attacks.
The typical characteristics of this headache are unilateral lo-
cation, moderate or severe intensity, pulsating quality, ag-
gravation by routine physical activity, and association with
nausea and/or phonophobia and photophobia [1]. Bilateral
migraine headache can be found more often in children and
adolescent aged under 18 years than in adults. Unilateral
pain generally develops in late adolescence or early adult
life.

2.3.2 Migraine with Aura (MA)

According to ICHD-3 [1], one third of migraineurs
suffer from migraine with aura (MA). MA is usually known
by the term “classic migraine”. MA is a syndrome that
is featured by recurrent attacks of reversible focal neuro-
logical symptoms, such as visual, sensory, speech and lan-
guage, motor, brainstem, and retinal symptoms, that gener-
ally develop gradually over 5 to 20 minutes and last for less
than 60 minutes. Sharing the same criteria as MO, it is fol-
lowed by headache [1]. Many migraine patients who suffer
from MA also experience attacks without aura [1]. Visual
aura is considered as the most frequent type of aura, arising
in over 90% of migraine patients with MA.

This symptom frequently is observed as a fortification
spectrum, such as a zigzag pattern close to the fixation point
that continuously spreads from right to left and undertakes a
convex shape with an angular sparkling edge, remaining ab-
solute or inconstant degrees of relative scotoma in its wake
[1]. In youth, less characteristic bilateral visual symptoms
happen that can indicate an aura. A visual aura rating scale
with high specificity and sensitivity has already been estab-
lished and validated [26]. Sensory disturbances are the next
common type of aura, arising in the shape of pins and nee-
dles moving slowly from the point of origin and influenc-
ing a significant part of one side of the body or face. In its
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wake, patients might experience numbness [1]. Speech dis-
turbances, mostly aphasic, appear less frequent among the
migraine patients. Interestingly, if multiple aura symptoms
exist, they happen in succession such as starting with visual,
then sensory and finally aphasic. Nonetheless, the reverse
and different orders have been recorded as well. Most aura
symptoms last around one hour, but motor symptoms often
last longer [1].

2.3.3 Differentiation between Migraine without Aura and
Migraine with Aura

Currently, it is still discussed whether MA and MO
belong to the same spectrum of illness or are two distinct
disorders [26]. An overview of the diagnosis of MA and
MO is given in Table 1 (Ref. [1,13]) based on the stan-
dardized headache identification tool by the International
Classification of Headache Disorders (ICHD). It is worth
mentioning, that the diagnosis of headache disorders is es-
tablished mainly on the clinical manifestations [13].

2.4 Migraine Triggers and Oxidative Stress

When trying to understand the pathogenesis of mi-
graines, looking at trigger factors seems very helpful [9].
Therefore, it has been suggested that modifications of
lifestyle might prevent migraine, which in turn would re-
duce the burden to migraine patients, and health-related
costs [27]. Dieting and fasting, exercising and other phys-
ical activities, stress level and coping skills, health-related
behaviours, sleeping and resting habits, smoking and drink-
ing, medications and drugs are all part of lifestyle factors
[27]. A study with 1207 patients has shown that a mi-
graine attack is often associated with different internal and
external triggers, for instance: hormonal imbalance, sen-
sory overload, stress, sleep disorders and skipping meals
[28]. Furthermore, a systematic review conducted by Per-
outka [29] showed that migraine triggers such as weather
changes, dehydration, physical exercise (including sexual
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activity), and alcohol are also very common [10]. The dis-
tinction between trigger factors and premonitory symptoms
of migraine attacks is not always evident, as some premoni-
tory symptoms might be misunderstood [30]. Examples for
premonitory symptoms are fatigue or the consumption of
calorie dense foods like chocolate [31]. In addition, these
metabolism-related triggers are directly associated to en-
ergy homeostasis, but also noteworthy is, that majority of
the triggers have a shared denominator, which is oxidative
stress [32]. A few common triggers in correlation to ox-
idative stress will be addressed in detail in the following
paragraphs.

2.4.1 Sensory Trigger

Some researchers believe that migraine is primarily
a disorder of sensory processing depending on how mi-
graineurs react to stimuli [18]. However, next to the pre-
monitory symptoms, visual, auditory and olfactory triggers
are also very well-known migraine triggers [33]. More-
over, intense stimulation is also known to be associated
with higher oxidative stress [34]. Although, the direction
of whether sensory trigger factors happen to be the attack
generators or arising from stimulus hypersensitivity on ac-
count of the premonitory phase stays inconclusive. Few
good examples from our daily lives like cigarette smoke,
perfume or odorant inhalation have been proved to inten-
sify markers of oxidative stress in healthy subjects after ex-
posure [35-37]. While a large percentage of the population
uses the phone or computer on a daily basis, bright light
such as blue light is also a very common migraine trigger
and likewise, higher oxidative stress in the retina has been
found [38]. Loud noises also appear to increase oxidative
stress [39].

2.4.2 Mental Stress vs. Physical Stress

While extreme aerobic exercise and physical effort is
often considered as a migraine trigger, hence it might also
constitute a candidate to experimentally trigger migraine
[28,40], low levels of aerobic exercise, on the other hand
can help preventing migraine [41]. Mental stress is also a
migraine trigger [42]. Both physical stress and severe psy-
chological stress produce oxidative stress in the central ner-
vous system [43,44]. Findings have observed how chronic
stress in mice can cause damage to the structure of brain
mitochondria due to excessive oxidative stress [45], which
is also associated with changes in energy metabolism [46].

2.4.3 Sleep Changes

Circadian disruptions caused by suboptimal sleep-
ing patterns are often a major factor for brain dysfunc-
tion as well as affecting other body systems, such as
metabolism [47,48]. A study showed that nurses with dif-
ferent work schedules (day work, two-shift rotation, night
work, three-shift rotation) have a greater prevalence of
chronic headache, medication overuse headache as well as

migraine compared to those who have a regular work sched-
ule [49]. Hence, it can be argued that sleep deprivation
uses up metabolic reserves. Other studies have also shown
that sleep deprivation causes the glycogen stores in animal
models to become drained, whereas on the contrary oxida-
tive stress and inflammation are elevated [50,51]. Another
study conducted in healthy humans has shown how one
night of sleep deprivation was already reducing glutathione,
cysteine, ATP and homocysteine levels significantly [52].
Together, these results indicate how suboptimal sleep pat-
terns can increase migraine attacks via different metabolic
pathways [47,49,50,52].

2.4.4 Fasting/Skipping Meals

Fasting as well as skipping meals are not only amongst
the most often cited triggers [29,33,53,54], but also a pop-
ular way to experimentally evoke migraine attacks in af-
fected patients [9,55]. In a study conducted by [55], 12 mi-
graine patients fasted for 19 hours and 9 of the patients had
a migraine attack. Additionally, an intriguing observation
during Ramadan, where Muslims fast every day from dawn
to sunset, showed that migraine attacks happened more of-
ten [56]. Another experiment on rats found that repeated
cerebral hypoglycaemia results in damaged oxidative phos-
phorylation distinugished by a lower mitochondrial mem-
brane potential and ATP levels [57].

2.4.5 Dietary Factors

As expected, diet is a core factor for a healthy lifestyle
[27]. For this reason, managing an optimal diet plays a sig-
nificant role in promoting health in the society [27]. On the
other hand, because of the complexity of migraine, as a mul-
tidimensional disease, and also the difficulty of establishing
studies to investigate how dietary factors can influence mi-
graine [58], inconsistency prevails in the literature, rang-
ing from a limited significance of dietary modification for
migraine to some promising effects. Dietetic intervention
by using very high-fat, low-carbohydrate ketogenic diet has
been proposed conceptually in respect to a possible invest-
ment to non-pharmaceutical interventions for migraine pa-
tients [59]. Moreover, the efficacy of ketogenic diet has
been observed within only one week [60]. Nevertheless, it
should be considered that improvements might happen later
in some patients, and if there are no response to the keto-
genic diet within 3 months, a higher ketogenic ratio should
be taken into account [60]. Given that, about 50% of the
patients who sustain a low-carbohydrate ketogenic diet for
over 12 months, benefit from its efficacy persistence even
after stopping [60]. Clinical studies [61,62] in which mi-
graine patients had to report their common headache insti-
gators have shed some light on the prevalence of dietary
triggers. The reported dietary triggers were caffeine (14%),
alcohol (29% to 35%), and monosodium glutamate (MSG)
(12%). Especially high amount of MSG are known to be
migraine triggers [13]. A common solution to this issue is
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Fig. 1. Demonstration of the ATP-PCR System in Brain of Familial Hemiplegic Migraine (FHM) adapted from [64].

an elimination diet [ 13], by discovering dietetic ingredients
that possibly trigger migraines and then eliminating these
specific ingredients from one’s usual diet [13]. This person-
alized approach constitutes a step in the right direction con-
sidering the drastic change in food consumption that may
trigger headache [13]. It is also worth remarking that mi-
graine triggers vary from person to person. Foods that trig-
ger migraines vary among people with different immuno-
logical responses [63]. It is therefore worth stressing the
degree of effort to determine specific foods that could cause
migraine. On top of all, genetic factors should also be con-
sidered as predisposing factors. In this scenario, certain in-
dividuals are vulnerable to different food ingredients while
others are vulnerable to some sort of drinks [10,13]. For
this reason, evading these potential triggers may support to
prevent migraine.

2.5 Relevance of ATP-PCR System in Migraine Patients

Adenosine triphosphate (ATP) is the universal primary
carrier of energy in cells, also known as the principal donor
of free energy in tissue and is majorly produced in the brain
by oxidative phosphorylation of ADP in mitochondria. As
shown in Fig. 1 (Ref. [64]), this energy storage molecule
is linked to creatine kinase reactions which releases phos-
phate (Pi) emerging from phosphocreatine (PCr) to ADP
to then re-synthesise ATP from ADP in the so-called ATP-
PCR system [64]. During metabolic stress, the ATP-PCR
system enables rapid mobilization of restricted high-energy
phosphates to restore ATP.

As phosphorus magnetic resonance spectroscopy (P-
MRS) offers information about metabolites that play key
roles in tissue energy metabolism, including the high-
energy phosphates ATP and PCr—a reservoir for ATP gen-
eration through the creatine kinase reaction. Hence, P-MRS
studies have surprisingly supported theories of mitochon-
drial dysfunction in migraine [65,66]. P-MRS can reveal an
deterioration of the mitochondrial oxidative phosphoryla-
tion in individuals with migraine [10]. In fact, most consis-
tent findings in migraine research were developed with the
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P-MRS technique suggesting an interictal disturbed brain
energy metabolism [65]. PCr content, suggestive of free
cellular energy, is significantly lower at rest in the brain
of both migraine with and without aura patients [64]. In-
terestingly, decreased PCr was also observed during mi-
graine attacks in patients with aura [67]. P-MRS findings
in migraineurs show a significant disparity between en-
hanced brain metabolism and reducion in free cellular en-
ergy supply, hence hypothesized as a biochemical substrate
for headache attack [64]. This arrangement of impaired mi-
tochondrial respiration with low PCr, high Pi and high ADP
found in mitochondrial cytopathies indicates how migraine
might also possess related aspects of pathology [64,68].
Additionally, the reduction of brain high-energy phosphates
in regular state measurements indicates an asymmetry be-
tween ATP generation and ATP usage in migraine patients,
and also imply that the brain of a migraineur is threatened
to handle certain metabolic stress [65].

2.6 Impaired Glucose Metabolism in the Pathogenesis of
Migraine

As mentioned above, the human brain needs a com-
pelling amount of energy supply for standard functions of
the brain and comprises about one fifth of the human body’s
entire energy usage at rest, in spite of the fact that it only
embodies ~2% of the entire body weight [11,69]. For this
reason, majority of the brain’s energy intake is resulting
from glucose oxidation and is for the most part utilized
to support synaptic transmission [70,71]. The brain is es-
pecially subjected on energy supplies from the circulation
due to restricted glycogen reservoirs and therefore is es-
pecially susceptible to their scarcity [10]. Given that a
restricted amount of glycogen is available in the brain, a
sufficient and uninterrupted reservoir of fuel is a condi-
tion for basic cellular functions in the brain [72]. For this
reason, different clinical symptomatologies are recorded
in pathological states especially during times when brain
metabolism is challenged, such as glucose transporter type
1 (GLUT-1) deficiency leading to disabled cerebral glu-
cose uptake, which in turn clinical symptoms may emerge
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as seizures, movement disturbances, cognitive impairments
[73]. Furthermore, it is also worth mentioning that mi-
graine takes part in the clinical characteristics of GLUT-1
[74,75]. Other than that, hypoglycaemia has been associ-
ated with migraine headache for nearly 100 years [10,55].
Comparisons between migraine-associated symptoms and
symptoms of hypoglycaemia report considerably similari-
ties including symptoms such as dizziness, pale skin, cold
hands and feet, binge eating and/or sugar cravings, yawn-
ing, nausea, low blood pressure, shaking, cognitive diffi-
culties, tiredness, fatigue, visual dysfunction and slurred
speech [10,76]. Interestingly, hypoglycaemia is correlated
to age and gender, especially during the productive years of
life where various life events require high glucose expendi-
ture [77]. For instance, diabetic women during pregnancy
are at a higher risk to develop complications such as ex-
periencing migraines [77]. All of these shared symptoms
are suggesting inadequate storage of glucose to the brain or
by release of catecholamines due to sympathetic activation
[10]. Recent 18-fluorodeoxyglucose positron emission to-
mography (FDG-PET) studies have become very useful for
examining energy dynamics in the brain and showed sev-
eral areas of altered glucose metabolism in MA and MO
[78,79]. In consequence, there has been an increased in-
terest in exploring the metabolism of glucose in migraine
pathology in recent years. FDG-PET imaging exhibits the
magnitude of localised cerebral glucose metabolism by us-
ing a radiotracer-labelled glucose analogue [64]. Another
study observed during interictal periods in episodic mi-
graine patients substantial glucose hypometabolism in var-
ious areas associated in central pain processing, in com-
parison to controls [80]. Considering that, recurrent mi-
graine attacks over time may result in progressive decline

in glucose metabolism of central pain processes [80]. In
a study where resting cerebral glucose uptake by using 18-
fluorodeoxyglucose PET and visual cortical activation with
visual evoked potentials were compared to, they were able
to show that visual neuronal activation surpassed glucose
uptake in visual areas in 90% of patients with interictal mi-
graines without aura, but only in 15% of the healthy controls
[78]. Hence, around half of glucose absorbed in the brain
goes to the astrocytes, where energy is stored in the cen-
tral nervous system (CNS). Likewise, findings in functional
neuroimaging studies (functional MRI and PET) discov-
ered significant increased metabolism in healthy controls
in comparison to migraine patients [78]. These results sup-
port the hypothesis that energy supply is significantly lower
in migraine patients, meaning that the argument of a dispro-
portion between glucose metabolism and neural activity is
supported and could be a keystone of migraine pathophysi-
ology [10,78]. Also worth mentioning, GLUT1 deficiency
syndrome (GLUT1DS) is a distinct metabolic disorder that
comes from impaired glucose transport into the central ner-
vous system [81]. Another study suggests that GLUT1DS
may also provoke migraines [79].

2.7 Ketosis and (Endogenous) Ketone Bodies

Before breaking down the biological and therapeutical
effects of KBs, it is vital to comprehend the fundamental
biological and physiological context of KBs. Ketone body
metabolism is an essential matter in physiological home-
ostasis. Ketogenesis is a metabolic pathway that produces
ketone bodies (KBs), which deliver an alternative form of
energy for the body [82]. AsshowninFig. 2 (Ref. [12]), ke-
togenesis demands the attendance of at least three enzymes:
(1) mitochondrial Acetoacetyl-CoA thiolase, (2) mitochon-
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drial 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) syn-
thase (HMGCS2), and (3) HMG-CoA lyase, which form
the KB, acetoacetate. Given this, KBs are generated as a
by-product of the fat metabolism process [83]. The ex-
act synthesis of KBs in the liver will not be further ad-
dressed due to the scope of this review. Ketosis can be
defined as the metabolic state of increased ketone bodies
in the blood (>0.5 mmol/L) [84]. Beta-hydroxybutyrate
(BHB) is an endogenous metabolite expressed in a formula
as CH3CH(OH)CH2CO2H and one of the main ketone bod-
ies [85]. KBs are a crucial alternative metabolic energy
source for all the fields in life such as eukaryota, bacteria,
and archaea [86—88]. During unavailability of glucose and
glycogen stores, KBs are produced from fatty acids by as-
trocytes to serve as energetic substrate in a metabolic path-
way known as ketogenesis [89]. In fact, KBs have always
been seen as a consequence of fatty acid breakdown that
rise during fasting and other reasons of glucose deficiency,
which can be physiological, including extenuating exercise,
or pathological, such as diabetes [90]. It is important to
highlight that their correlation with starvation and fat mobi-
lization has been studied for several decades [91], although
their exact physiological function was still unknown at the
time. Even so, a study from 1967 has discovered how KBs
could replace glucose as the major fuel of the brain in situa-
tions of prolonged fasting or glucose deficiency, being able
to provide up to 60% of the energy needs of the brain [92].
Moreover, the impact of KBs on brain function were dis-
covered much earlier in the 1920s, as it was observed that a
low-carb and high-fat diet was successful in treating paedi-
atric epilepsy [93,94]. While the human brain mainly relies
on glucose as the primary energy source, other substrates
might support metabolism also, for the most part when glu-
cose stock is confined or insufficient [95]. The majority
of ketone bodies production happens in the liver and is uti-
lized as an energy source especially in times where glucose
is absent due to fasting, low-carbohydrate, or average pro-
tein diet, which has its own term known as ketogenic diet
[96]. Free fatty acids are produced from adipocytes and
transported to the liver where they impart to the synthe-
sis of KBs during fasting [97]. The ketogenic diet gained
a lot of popularity recently, especially after the discovery
that extended fasting has anticonvulsive impacts in epilepsy
[98]. The metabolic effect of starvation can be simulated
by keeping a high fat, low-carbohydrate, and moderate pro-
tein concentration. Also noteworthy, recent research has
shown that ketogenic diet may have advantages for a series
of neurological diseases via diverse mechanism, as well as
improving energy metabolism [99-101]. The observations
also agree with the results reported by [102], that a reduc-
tion in migraine attack frequency was greatly reduced dur-
ing ketosis.
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2.8 Exogenous Ketone Bodies

Apart from fasting, dietary ketogenic supplements and
ketogenic diets have the potential to enhance the circula-
tory pool of KBs [12]. In the recent years exogenous SHB
supplements have gained popularity and become accessi-
ble around the world. For instance, they usually come in
mineral salt form, such as calcium, potassium, magnesium,
sodium, or ester form. These can be found in different pro-
duction sites internationally, the biggest market being in the
United States, where these ketone bodies supplements are
mostly sold as a sport supplement. Also worth mention-
ing, exogenous ketone bodies were initially produced for
the US army in the past and has been used for over 10 years
already [103]. The ketogenic diet may increase ketone bod-
ies high enough to fight common neurological disorders,
however, it might not be a potential long-term solution for
many sufferers, due to the tremendous effort to execute it in
an outpatient setting and patients might have difficulty with
adherence. Likewise, ketogenic diets may be tied with ad-
verse effects such as weight reduction, that ideally should
be circumvented in neurodegenerative diseases, gastroin-
testinal problems, hyperlipidaemia, and on top of all, it may
also cause lack in mineral and vitamin, because of the rig-
orous diet scheme [104]. Thus, nutritional supplementa-
tion with exogenous ketone bodies could be more viable
than ketogenic diet in general patient populations [105]. It
could potentially prevent negative effects of unwell man-
aged diet such as reduced vegetable intake and more dairy,
highly processed protein, and polyunsaturated fats, all of
which could have the consequence of mineral and vitamin
deficiency as well as the higher risk of inflammation [105].
Nutritional supplements of MCFA similarly provoke keto-
sis and it takes place shortly after consumption because this
group of fatty acids is absorbed directly into the portal vein,
whereas on the contrary to long-chain fatty acids it goes
into the lymphatic system and is as a result expeditiously
transformed to ketones through beta-oxidation in the liver
[12]. The greatest ketogenic MCFA exist in palm kernel
oil or coconut oil which are caprylic acid (C8) and capric
acid (C10) [11]. Nonetheless, due to the low concentration
of lipids in coconut oils, such interventions only increase
ketone body levels partially [106]. For that reason, various
products with greater levels of caprylic and capric acid have
been established [107]. Also remarkable is that neuropro-
tective effects of MCFA are not associated to ketonemia,
because of MCFA's ability to cross the blood—brain barrier
(BBB) and act as substrates for energy metabolism [108].
Additionally, MCFA, especially capric acid, have been ob-
served in several studies to promote mitochondrial function
and reduce neuronal hyperactivity [109], which is typically
seen in migraine patients by blocking glutamatergic AMPA
receptors [110—112]. Further option to the ketogenic diet
is the consumption of exogenous KBs, which greatly raise
ketone levels to >1 mM after intake, with the ketone ester
being most influential in increasing prevailing ketones even
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while maintaining habitual meals [108,113].

2.9 Potential Mechanism of Exogenously Elevated
Beta-Hydroxybutyrate

2.9.1 Oxidative Stress

Common migraine triggers are causing an imbalance
of oxidative stress levels through unfavourably influencing
energy metabolism or mitochondrial functioning [9,29,33].
A protective mechanism of KBs can be demonstrated in
the improvement of mitochondrial function because oxida-
tion in the brain decreases as ketone body levels increase
[12]. Therefore ketone bodies are also used as protective
molecules against refractory epilepsy [114]. It has been
proven that SHB protects from neuronal death provoked by
intense non-coma hypoglycaemia in the rat in vivo as well as
by glucose deprivation in cortical culture [115]. Further an-
imal studies have shown how SHB decreases reactive oxy-
gen species production in specific cortical areas and sub-
regions of the hippocampus and thus effectively prevented
neuronal death in the cerebral mantle of hypoglycaemic an-
imals [115]. In vitro findings have shown similar observa-
tions of reduced reactive oxygen species levels as well as
additional stimulation of ATP production with SHB [116—
118]. All these findings suggest SHB’s protective mecha-
nisms with its metabolic process and also its capability to
reduce reactive oxygen species [119]. In anutshell, KBs has
the potential to rise antioxidant protein level and decrease
levels of oxidative stress resulting in greater cellular energy
productivity [120,121]. Lastly, findings have shown how
ketone levels are increased in failing mice hearts as a com-
pensatory response against oxidative stress [122]. Given
that, higher ketone levels during a migraine attack might in-
dicate a parallel reaction in response to elevated oxidative
stress [9].

2.9.2 Inflammation

While inflammation is a set response with protec-
tive tissues against disease, infection, or injury, involve-
ment of neurogenic inflammation in migraine headache
stays inconclusive, and not that migraine is not classified
as an inflammatory disease. Various studies have demon-
strated that pro-inflammatory peptides or a “sterile neu-
rogenic inflammation” can be exhibited in migraine pain
[9,123,124]. First and foremost, molecules linked with mi-
graine headache both in animal and human studies have
shown the involvement of calcitonin gene related peptide
(CGRP), nitric oxide (NO), substance P, vasoactive intesti-
nal peptide (VIP), pituitary adenylate cyclase-activating
polypeptide (PACAP) [9,125,126]. Cytokines are referred
to as pain mediators in neurovascular inflammation, and
they could have an effect on the generation of migraine
pain [125]. Moreover, cytokines are essential mediators of
the inflammatory pathway and are associated with migraine
pathogenesis [125]. Similarly, observations of several stud-
ies hint that peripheral and central levels of cytokines and

immunological changes are present in migraineurs [127—
129] though it should be noted that it is still unclear what
might be the triggering factor that activates the inflamma-
tory cascade leading to a migraine attack. A potential rea-
soning would be that a genetic predisposition exists to have
an abnormal inflammatory response to exogenous stimuli
(such as high-carb diet or other environmental factors) and
could represent a trigger for headache attacks [125]. In
fact, twin studies and recent findings based on genetic muta-
tions causing hemiplegic familial migraine hint that genetic
background play a significant role in migraine pathogenesis
[130]. Finally, many studies on migraine patients have fo-
cused on peripheral and central levels of cytokines and the
role of inflammation in migraine pathogenesis, despite that
data are controversial. Having this mentioned, reduction
in inflammation can be seen in prolonged fasting and also
caloric restrictions [131,132]. In another combined animal
and cellular study using exogenous KBs has discovered the
anti-inflammatory protection of the NLRP3 inflammasome
[133]. Thus, NLRP3 inflammasome is prevalent in espe-
cially immune and inflammatory cells following activation
by inflammatory stimuli [134]. Furthermore, it has been
shown that in response to urate crystals, ATP and lipotoxic
fatty acids, KBs inhibits activation of the NLRP3 inflam-
masome [133]. Given the findings above, a decrease in in-
flammation and pain can be recorded in rats who underwent
a ketogenic diet [135,136]. Finally, the capability of under-
lying mechanisms of KD efficacy to support mitochondrial
energy metabolism and counteract neural inflammation was
also demonstrated in an observational study on migraine pa-
tients [137].

2.9.3 Hypometabolism/Hypoglycaemia

As mentioned above, the brain is exceptionally relied
on energy sources from the circulation that can transcend
through the blood-brain barrier and is in particular suscep-
tible to their shortage due to its restricted glycogen sources
and high energy demands [9]. Further research has shown
that intracellular glucose levels are increased in the pres-
ence of SHB supplementation [138]. Additionally, further
results have demonstrated the influence of exogenous in-
crement of KBs and observed reduced glucose levels in pa-
tients with a four hour SHB infusion compared to treatment
with a control solution [139]. The results point to an alter-
native metabolic substrate through SHB or alternatively a
decreased gluconeogenesis. Interestingly, an absolute de-
crease of 16% in ATP levels in MO patients was recorded
by using 31P-MRS [140]. Further findings indicated that
hypometabolism was significantly associated with attack
frequency [140—142]. There have been a number of stud-
ies that have investigated the effectiveness of KBs and re-
sults have proved its ability to counteract negative effects
of hypoglycaemia and/or hypometabolism [107,115,143].
Experimental results have also demonstrated the concept of
inhibition in glycolysis at the occurance of SHB, while ke-
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tosis relatively reserves glucose exertion in the human brain
[107,143]. An intriguing finding in 36 h fasted rats is that
during adequate concentration to saturate metabolism, KBs
backs up the whole fundamental energy demands, as well
as around 50% of the of the activity-dependent oxidative
needs [144]. These results indicate that SHB is an alter-
native and presumably more efficient fuel source for the
brain. Catabolized SHB produces more ATP per oxygen
molecule than other respiratory substrates (such as carbo-
hydrates, proteins, fats and organic acids) during the syn-
thesis of ATP in mitochondria [145]. Interesting observa-
tions have been made in initial experimental studies, that
glucose tolerance tests after an overnight fast may evoke
migraine attacks in patients Interesting observations by ini-
tial experimental studies [146,147]. Yet, the metabolic
responses in patients were significantly different between
those who experienced a migraine attack and those that did
not. KB levels increased significantly in the patients who
had a migraine attack, already before headache onset, and
anticipated an increase in KB levels despite equivalent food
consumption. These observations may be explained as a
counter-regulatory reaction to a lack of cerebral energy [9].
Whereas KBs are an efficient alternative energy source for
the brain (see Fig. 3, Ref. [12]), during low glucose avail-
ability, restoration in brain energy homeostasis is expected
after sufficient elevation of KBs in the body [9].

Energy
Restored deficiency

Glucose
hypometabolism
Ketone oxidation

N
o

Mitochondrial
dysfunction

Q

Oxidative stress
Neuroinflammation

metabolism

/

Fig. 3. Vicious Circle of Energy Crisis in Metabolic Migraine
Patients (adapted from [12]).

2.9.4 Cortical Spreading Depression

Cortical spreading depression (CSD) implies a slowly
propagated wave of depolarization of the neurons and glial
cells across the cerebral cortex followed by depression of
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cortical activity and has been suggested as a possible un-
derlying pathophysiological mechanism in migraine aura.
There is a strong correlation between metabolic factors and
CSD susceptibility. A potential CSD trigger is hypoxia and
above all, cerebral glucose availability regulates extrinsi-
cally induced CSD in both ways [148—151]. In addition
to that, hypoglycaemia greatly extends CSD length while
hyperglycaemia also safeguards the tissue from CSD initi-
ation [138]. During a short- and long-term treatment with
a middle chain triglyceride enriched ketogenic diet, similar
protective effects against CSD were observed in an exper-
imental animal study, where the brain was provided with
another energy substrate to glucose [152].

2.9.5 Ketone Bodies in Healthy Individuals

Rises in ketone body availability to the CNS in
humans lead to substantial changes in cerebral fuel
metabolism [12]. Further results have demonstrated that in
healthy adults, an in vivo infusion of SHB effected roughly
14% reduction in cerebral glucose usage while oxygen con-
sumption ended up indifferent [153]. Having this said,
when KBs are provided intensely, they may be used in-
stantly as an alternative energy source to glucose [153].
Considering that, an intense cerebral glucose-sparing im-
pact is achieved when ketone accessibility is high. Study
participants on ketogenic diets have shown to be one of the
other equivalent metabolic adaptations, where ketones re-
place glucose [95]. During extended fasting, a more promi-
nent change from glucose to ketone body metabolism is
exhibited and SHB providing more than half of the hu-
man brain’s energy needs [154], consequently substituting
glucose as the main fuel supply. In conclusion, a great
way to increase the availability of alternative energy re-
serves for the brain is by utilizing KBs. It should be noted
that during resting conditions, KBs substitute other energy
sources instead of supplementing them. Provided that, an-
other study have recorded unaltered ATP levels in the brain
of healthy participants [155]. When experimental hypo-
glycaemia reduces glucose availability, further supply of
KBs by intake of MCFA or infusion may be able to main-
tain cognitive functions in individuals, and extends the gly-
caemic threshold for symptoms [156]. In view of this, KBs
are in the position to preserve glucose, besides supporting
brain metabolism during energy crises [12]. Hence, treat-
ments that raise prevailing ketones imply to have effects
in disorders with compromised glucose metabolism, such
as migraine. A comparison of potential pathophysiological
mechanisms of exogenously elevated or absence of beta-
hydroxybutyrate in healthy/migraine brain is given in Ta-
ble 2.

3. Discussion
3.1 Prophylactic Migraine Treatment with Ketone Bodies

Certainly, the aim of intervention for migraine is to
diminish the duration and severity of the migraine attack
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Table 2. Systematic comparison of potential mechanism of exogenously elevated beta-hydroxybutyrate in brain vs. absence of

beta-hydroxybutyrate in brain.

Ketogenesis ATP level  Glucose level CSD  Oxidative stress  Inflammation ~ Migraine
Healthy Brain Occasionally* Optimal Optimal No No No No
BHB in Healthy Brain Yes Optimal Optimal No No No No
Migraine Brain No Suboptimal Suboptimal Yes Yes Yes Yes
BHB in Migraine Brain Yes Better** Suboptimal Less Less Less Less

Note: In this figure, an overall comparison of healthy brain and a migraine brain with/or without Beta-Hydroxybutyrate (3HB)

and its contribution to migraine related pathophysiological mechanisms such as ketogenesis, ATP levels, glucose levels, cortical

spreading depression (CSD), oxidative stress, inflammation are demonstrated.

* e.g., during fasting/skipping meals.
**if enough SHB available for ATP synthesis.

[157]. Other objectives crucial for improvement comprise
restoring functioning ability, reducing oxidative stress,
increasing antioxidants, and encouraging comprehensive
handling with no or little side effects [43,158]. An inter-
esting finding is, that the most common preventive mea-
sure reported for migraine is diet [13]. Diet is a signif-
icant element and modifiable aspect of lifestyle, thus di-
etary behaviours that might act as a trigger for migraine
can be strategically identified and implemented to help pre-
vent migraine attacks [159]. More recently, the underlying
metabolic and endocrine mechanisms triggering migraine
have begun to unfold. Therefore it is of critical impor-
tance to consider the benefits from supplying an alterna-
tive energy substrate for the human brain with restricted en-
ergy stocks [160]. Henceforward, for patients with compro-
mised energy metabolism, an alternative source of fuel for
the brain through ketogenic diet and/or use of exogenous
ketogenic substances, such as medium-chain triglycerides
or exogenous ketone body salts can have beneficial effects
and hence supports the role of abnormal metabolism in mi-
graine [137,161].

3.1.1 Dietary Ketogenesis

“Ketogenic diet” refers to its correlation of increased
KBs and acetoacetate (AcAc) in blood and urine due to
mimicked fasting by forcing fatty acid breakdown by re-
ducing the intake of carbohydrates [162]. Low carbohy-
drate diets or ketogenic diets (KD) typically restrict carbo-
hydrates to less than 20 grams per day [96]. Few days into
a ketogenic diet, the reserves of glycogen are drained and
KBs are generated to maintain energy production within the
mitochondria. Immense reduction in migraine frequency
(up to 80%) have been noticed after one month on keto-
genic diet [137]. Interestingly, ketogenic diets have been
primarily utilized to fight obesity in individuals and to treat
epilepsy [82,163,164]. Furthermore, due to altered tissue
excitability in migraine, ketogenic diet might benefit brain
metabolism restoration and excitability in migraine patho-
physiology [82]. A well-designed study recorded signifi-
cant improvements through a 3-month ketogenic diet in pa-
tients with medication overuse headache [165]. Moreover,
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ketogenic diet is more advantageous to patients with mi-
graine compared with a low-calorie diet [13]. Furthermore,
alow-calorie diet is not recommended for migraine patients
[137] and migraine improvement has been reported in those
on a ketogenic diet and continued improvement was re-
ported for two months after the ketogenic diet was stopped
[102,166]. In another study where they tried to examine the
efficacy of ketogenic diets in migraine patients observed a
significant decline in attack frequency as well as the amount
of days with headaches during the initial month of ketogen-
esis [137]. Likewise, additional studies by the same authors
reported differences in cortical excitability, and decreased
attack incidences and duration after one single month on
diet [167]. Further findings also suggest the critical role
of KBs particularly in the cerebral cortex, and not subcorti-
cally [168]. A key strength of KBs is its independence from
GLUTTI, as well as ketosis has a variety of other effects that
are potentially valuable in understanding migraine patho-
physiology, such as increased anti-oxidant capacity, mito-
chondrial biogenesis, upregulation of GLUT1 and ketone
body transporters, increased GABA but inhibition of gluta-
mate transport and, therefore, reduced excitatory synaptic
transmission and inflammation [9].

3.1.2 Exogenous Ketone Bodies/Nutraceuticals

As mentioned above, KBs are a productive alterna-
tive energy source for the human brain during low glu-
cose reserves, restoration in brain energy homeostasis is
expected after a sufficient elevation in KBs, and therefore
carry the ability to attenuate some of the abnormalities in
glucose metabolism as well as glucose transport discovered
in migraine patients. The role of KBs is especially relevant
for the management of hypoglycaemia/hypometabolism, as
well as for glucose transport [64]. Thus, KBs play a cru-
cial role in the improvement of cerebral metabolism. On
top of all, since KBs have the potential to positively impact
other pathways and are considered to be involved in mi-
graine pathophysiology, such as cerebral excitability, ox-
idative stress, CSD, inflammation mitochondrial function-
ing, hypoglycaemia/hypometabolism and the gut micro-
biome, KBs may also be considered as potential signalling
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molecules [120]. Given this, an elevation of KBs through
exogenous nutraceuticals has been hypothesized to possi-
bly impact all of the foregoing migraine pathophysiological
mechanisms, and might support a comparatively side-effect
free solution for a proportion of the migraine population [9].
For instance, high doses of riboflavin (400 mg/day) may im-
prove mitochondrial metabolism in migraine patients with a
mutation in mtDNA [169]. The effects of the SHB supple-
mentation on migraine patients without an abrupt dietary al-
teration is still unknown, and on top of that, the exact mech-
anism of process of most common medications applied in
migraine prophylaxis is still unclear [10]. Most of the med-
ications for migraine prophylaxis dim neural reactivity and
thus decrease the energetic needs of the human brain [10].
Interestingly, few prophylactic agents can also have direct
metabolic effects. For example, Topiramate which repre-
sents a preventive drug with level A evidence for efficacy,
and protects against mitochondrial membrane depolariza-
tion, oxidative stress and inflammation [170]. Fig. 4 (Ref.
[10]) shows that oxidative stress plays a major role in mi-
graine attack generation. The addition of protective medi-
cations therefore supports the equipoise between metabolic
offers and metabolic needs that is essential in order to keep
up cerebral homeostasis [10]. Taking this into considera-
tion, suggested strategies to decrease oxidative stress is as
mentioned above, to eliminate or reduce processed food,
food with a high glycaemic index as well as alcohol, and
promoting the use of green or blue light filtering glasses
[171]. Consequently, lifestyle changes such as addition of
antioxidants like 5-hydroxybutyrate mineral salts to the diet
has been reported to be beneficial [114]. Hence, energy-
preserving behavioural modifications and reduction in ox-
idative stress levels as well as increase glucose and ketone
body supply for the brain, may assist to recover energy
homeostasis [10]. In summation, migraine patients with
a greatly compromised energy metabolism can support the
brain with an alternative fuel source besides glucose and
lactate with the help of exogenous KBs. Nonetheless, the
validation of ketogenic therapies in migraine requires fur-
ther placebo-controlled trials.

3.2 Limitations and Future Perspectives

The present review has some limitations. Firstly, due
to insufficient amount of literature on using KBs for mi-
graine prevention, more extensive studies are needed to val-
idate its efficacy and effects. Secondly, due to poor method-
ologies and weak study designs of existing research, includ-
ing lack of control groups and small sample sizes, further
studies with larger population groups are required to inves-
tigate the impact of KBs for migraine treatment. Thirdly,
no inferences can be made on gender and age regarding
metabolic mechanisms in migraine patients due to limited
literature, hence future studies should aim to conduct a well-
designed and mechanism-driven longitudinal research to
investigate this further as outcomes are generally affected
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Fig. 4. Migraine Attack Generation and Resolution (adapted
from [10]).

by diverse factors such as age, genetics, gender and envi-
ronmental factors. Fourthly, to our knowledge, there are
no existing literature on the impact of diurnal variations
on using exogeneous KBs in migraine prevention, hence
should be further investigated since disruptions in circadian
rhythms cause impairment in metabolism [1]. Given that,
there are limitations associated with the variety of how dif-
ferent mechanisms might lead to the migraine phenotype
and hence future research should seek to substantiate these
concepts and their potential application for patients. In ad-
dition, further clinical research is needed to validate the hy-
pothesized pathophysiological effects of KBs in migraine
patients. Finally, other prophylactic medications of mi-
graine were not considered in this review which deserves to
be further explored and put into comparison. Future stud-
ies should also consider applying KBs in migraine preven-
tion for more extended periods. Moreover, further efforts
are required to minimize patient burden during a ketogenic
diet, and to improve palatability of the diet would also have
to be discussed. Regardless of the limited amount of data,
the findings delineated in this review have demonstrated the
potential therapeutic implications of KBs. This poses an
area for future work. Hence, future research carrying out
other ketogenic approaches should aim to reinforce the idea
of a ketone-based metabolic progress in migraine patients.
Having said that, this review has highlighted the possibil-
ity of future studies in elucidating particular mechanisms of
glucose metabolism impairment in migraine. Despite that,
the modulation of this metabolic pathway in migraine de-
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mands further exploration. Several dietary treatments have
been proposed for migraine prevention and ketogenic diets
that result in elevation of KBs, has demonstrated promis-
ing contribution in the prevention of migraines [172,173].
Nonetheless, prospective research is required to confirm
this hypothesis. Above all, it has to be remarked that
migraine triggers such as poor sleep patterns, stress, hor-
monal changes, bright lights and diet-related triggers, in-
cluding caffeine, hypo-hydration and skipping meals, vary
from person to person [59]. Given the fact that, there are
gender and age differences in the prevalence of migraine
and hypoglycaemia, future research should conduct a lon-
gitudinal study to investigate these factors further. Con-
sidering the spectrum of potential triggers implies further
complexity for developing effective intervention strategies.
Consequently, future research should consider how inter-
vention strategies can be personalised to the triggers that
are specific to individuals. Additionally, recent research
has observed that ketosis may have benefits in the treat-
ment of other conditions such as neurodegenerative dis-
eases like Alzheimer’s disease, Parkinson’s disease, mul-
tiple sclerosis [12,39,174,175]. Consequently, neurologi-
cal and neuropsychiatric diseases, for instance, epilepsy,
autism, depression and affective disorders, anxiety, and
traumatic brain injury might also benefit from a ketosis
treatment [176—180]. Last but not least, ketosis might also
open avenues in the treatment of metabolic disorders like
cancer, glycogen storage disease, GLUT1 deficiency syn-
drome [105,181,182]. Additionally, more studies research-
ing the effects of ketone bodies on (cerebral) metabolism,
oxidative stress, inflammation would be of great interest.
Expanding inclusion criteria to also incorporate those with
severe headache, not only migraine, should be addressed in
future research. Lastly, neuroimaging methods have excel-
lent translational values and can be widely applied in future
studies to identify dietary effects on brain functions in hu-
mans.

4. Conclusions

Migraine is a highly complex multifactorial neurologi-
cal disease that differs in frequency, severity, and its impact
on the quality of life. Furthermore, genetic factors must be
considered when defining an individual’s susceptibility to
migraine. Findings have shown that the migraine patho-
physiology emphasizes the aspects of different triggers that
may initiate a migraine attack or increase the frequency of
the attacks. In this review, metabolic bases of migraine re-
garding the use of KBs were discussed. With migraine be-
ing such a multigenic and complex disease, diverse aspects
of the most prevalent migraine triggers were mentioned that
have a strong correlation to the pathophysiological mech-
anisms: (1) sensory trigger, (2) mental stress vs. phys-
ical stress, (3) sleep changes, (4) fasting/skipping meals,
and (5) dietary factors. While migraine is also a preva-
lent disease, it is often under-diagnosed. On top of all, it is
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yet to be perceived adequately by certain migraine patients
who are eligible for prophylactic care. In that case, these
therapies could increase migraine patients’ quality of life
and reduce the physical and functional disabilities of mi-
graine. Furthermore, this work defines migraine as a com-
plex and heterogeneous neurological disease, along with
several common genetic polymorphisms and thus abnor-
mal mechanisms resulting in the migraine phenotype. In
this review, only two typical and important pathophysio-
logical mechanisms have been discussed in detail and thus,
also their possible exploitation through exogenous ketone
bodies such as SHB supplementation or ketogenic diet: (1)
oxidative stress, (2) inflammation, (3) glucose metabolism,
and (4) CSD. Studies have shown that ketone bodies—
especially SHB—are more than just metabolites, because
as signalling molecules, ketone bodies can potentially influ-
ence other pathways, that are part of migraine pathophysi-
ology [120]. Hence, intervention that can consider various
potential pathogenic pathways might benefit heterogenous,
polygenic and complex disease like migraine [173].
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