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Abstract: Background: Abdominal migraine (AM) is a clinical diagnosis specified by Rome IV and
ICHD III as a functional gastrointestinal disease (FGID) and a migraine associated syndrome,
respectively. AM is undiagnosed and undertreated, and thus far the FDA has not approved any
drug for AM treatment. We and others showed that changes in the kynurenine (KYN) pathway of
tryptophan (TRP) metabolism played an important role in the pathogenesis and treatment of FIGDs.
Changes in the KYN pathway were shown in migraine. Findings: Abdominal migraine reflects
impairments in communication within the gut-brain axis. Treatment approaches have not been
sufficiently documented and are based on experience of physicians, presenting personal rather than
evidence-based practice and including efficacy of some drugs used in adult migraine. Non-
pharmacological treatment of AM is aimed preventing or ameliorating AM triggers. Modulations
within the KYN pathway of TRP metabolism induced by changes in TRP content in the diet, may
ameliorate FGIDs and support their pharmacological treatment. Pharmacological manipulations of
brain KYNs in animals have brought promising results for clinical applications. Conclusions: In
conclusion, controlled placebo-based clinical trials with dietary manipulation to adjust the amount
of the product of the KYN pathway of TRP metabolism are justified in children and adolescents
with AM. Further preclinical studies are needed to establish details of these trials.

Keywords: abdominal migraine; TRP metabolism; kynurenine; pediatric migraine; gut-brain axis;
metabolic treatment in migraine; obesity in children

Introduction

Abdominal migraine (AM) presents as paroxysmal bouts of intense, acute periumbilical, midline
or diffuse abdominal pain lasting no shorter than 1 hour and interfering with normal activities [1].
The pain can be associated with nausea, vomiting, pallor, anorexia, photophobia and headache, but
headache is not an inherent feature of AM; consequently, this disease is considered a subtype of
functional abdominal pain disorders that includes functional dyspepsia, irritable bowel syndrome
and functional pain not otherwise specified (NOS) [2]. Therefore, AM as other functional abdominal
pain syndromes, may reflect a disruption of the intrinsic gut-brain axis [3]. From a clinical point of
view, abdominal migraine presents functional disturbances in the gastrointestinal (GI) tract, and it is
categorized as a functional gastrointestinal disorder (FGID) by the Rome IV classification (H2c) [6].
The International Classification of Headache Disorders (ICHD) III beta categorizes AM as an
“episodic syndrome that may be associated with migraine” (1.6.1.2) [4]. Although both classifications
precisely specify the diagnostic criteria of abdominal migraine, the disease is undiagnosed [5]. A
proper diagnosis is additionally difficult due to a clinical overlap between AM and migraine [3].
Migraine and AM are characterized by similar patterns of associated recurrent painful conditions,
trigger and relieving factors, and associated symptoms during attacks suggesting that they have a
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common pathogenesis [6]. Moreover, cyclic vomiting syndrome (CVS), a gastrointestinal episodic
syndrome that may be associated with migraine and functional abdominal pain NOS that have much
in common in their clinical presentation with AM may additionally challenge the right diagnosis of
AM. The persistence of AM in children is reported to be up to approximately 4% [6]. Although AM
is not always associated with headache, it is sometimes considered a pediatric equivalent of migraine,
mainly for diagnostic purposes [7].

Studies on therapeutic interventions in children and adolescents with migraine are limited or
inconclusive [8]. The treatment of migraine in children is usually different from that in adults as drugs
targeting calcitonin gene-related peptide (CGRP) and its receptor that revolutionized migraine
therapy, are of limited use in children [9]. Although there is not consistent evidence that monoclonal
antibodies against CGRP may affect growth, the lack of evidence results from a lack of studies
addressing this problem rather than a lack of this problem. However, the fact that children are in the
phase of intense growth is not the only one that must be considered in planning any therapeutic
strategy in this group of patients. Metabolic treatment of migraine is reported to be remarkably
effective in some studies in adults, but it seems especially suited to migraine in children as the
spectrum of accepted antimigraine treatments in children is much narrower than that in adults [10].

The essential amino acid tryptophan (TRP) and products of its metabolism are reported to be
involved in many effects related to the gut-brain axis [11]. Tryptophan is metabolized in three major
pathways: kynurenine (KYN), serotonin (5-hydroxytryptamine, 5-HT) and indole pathways. As TRP
is an exogenous amino acid, it must be provided with the diet, and this creates an opportunity to
manipulate its concentration and the concentrations of the products of its metabolism through
changes in its content in the diet. On the other hand, the concentration of specific products of the
KYN pathway may be pharmacologically manipulated within the CNS, creating another opportunity
to modulate processes that depend on TRP metabolism [12-15].

As AM is an FGID and a migraine associated syndrome, these aspects should be considered not
only in its diagnosis, but also in its treatment. Tryptophan and products of its metabolism are
involved in both aspects of AM; therefore, TRP metabolism may be a therapeutic target in this disease
[12,16-18].

In this narrative/perspective review we present information on the clinical presentation,
pathogenesis and treatment of AM, migraine-related alterations in the functioning of the gut-brain
axis, metabolic alterations related to migraine and the KYN pathway of TRP metabolism. We also
discuss the emerging problem of obesity in children and its relation to migraine susceptibility and
association with the KYN pathway. We provide arguments that metabolic treatments targeting the
KYN pathway of TRP metabolism and its products might be subjected to clinical trials of AM. As AM
is rare in adults, if not otherwise stated, further considerations will be related to abdominal migraine
in children and adolescents.

Abdominal migraine

The average worldwide prevalence of migraine is estimated to be approximately 20% whereas
a recent meta-analysis indicated a 9.1% prevalence [19,20]. However, no population-based studies
have been performed in low and low-middle income countries. In general, it is accepted that pediatric
migraine may preferentially affect children with a family history of migraine and that there is a high
probability that affected children develop migraine in adulthood [21]. A school-based study that was
performed in two parts separated by 6 years showed that 10.4% of the children, predominantly girls,
had migraine when they grew older (1.7% chronic migraine (CM), 8.6% episodic migraine (EM)) [22].
The occurrence of CM increased with increasing age with risk factors including age, gender, father
and sibling headache histories. In adolescents, 18.6% of individuals were diagnosed with migraine
(1.5% CM, 17.1% EM) with a predominance of girls without an age difference.

There are some pronounced differences in diagnostic criteria in adult and pediatric migraines.
The pediatric patients mostly complain at bilateral headache episodes lasting shorter than typical
unilateral episodes in adults [23,24]. Moreover, some migraine-associated syndromes, such as AM,
CVS, and infantile colic, occur more frequently in children than adults [25]. Children with migraine


https://doi.org/10.20944/preprints202308.0760.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 August 2023 doi:10.20944/preprints202308.0760.v1

are often affected with other comorbidities, including diseases of the neurological, psychiatric and
cardiovascular systems, having a great impact on their and their parents’ quality of life [26].
Pediatric migraine was associated with obesity, low physical activity, atopy, dysfunctional family,
and physical or emotional abuse [27-29].

Triggers, diagnosis and clinical presentation

The most commonly recognized triggers of AM are stress, poor sleep, fasting and dehydration,
food with a high content of amines, some food additives, bright light, traveling, physical exercise and
fatigue [30,31]. ICHD-3 beta, and Rome IV criteria slightly differ in the diagnostic criteria and
clinically useful characteristics of AM in children are based on the pioneering works on Symon and
Russel as well as ICHD-3 beta, and Rome IV criteria and state that the disease is featured by (1)
recurrent episodic central abdominal pain lasting 1-72 h occurring at least twice over a 6-month
period; (2) pain associated with at least two of the following symptoms anorexia, nausea, vomiting,
headache, photophobia, and pallor; and (3) symptoms not assigned to another medical diagnosis
[1,32]. Therefore, other FDGIs should be excluded in differential AM diagnostic procedures, but
exclusion of organic diseases of the GI tract is fundamental for AM diagnosis.

Typical triggers and features of the clinical presentation of AM are presented in Figure 1.

Triggers

Mood changes
Anorexia
Flushing

Diarrhea
Auras

SaW0JPOId

ABDOMINAL
MIGRAINE

v

Midline abdominal pain
Pallor (93-100%)
Anorexia (91%)

Nausea (73-91%)
Vomitting (35-59%)
Headache (24%)

Clinical presentation

Figure 1. Triggers, prodromes and clinical presentation of abdominal migraine. Triggers that overlap
with migraine headache in most cases induce abdominal migraine directly without any sign
preceding its clinical presentation or cause some prodromes. Acute midline abdominal pain is a per
definition marker of abdominal migraine, but this disease may be associated with several other
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symptoms whose average prevalence in percent is given in brackets. The lists of triggers, prodromes
and symptoms are not complete and are arbitrarily chosen as the most typical.

The treatment of migraine in children is usually different from that in adults as drugs targeting
calcitonin gene-related peptide (CGRP) and its receptor, which revolutionized migraine therapy, are
of limited use in children [9]. Headaches are not an inherent symptom of AM, but it is a recurrent,
paroxysmal syndrome that might have at least some common etiologies with migraine headache [7].
Although AM may occur without headaches, they occur in AM relatively frequently. The percentage
of coexistence of migraine headaches with abdominal migraine may be as high as 24% with a 10%
prevalence of migraine headache in the general population [6]. When a study population contained
pediatric patients with either AM or CVS, the ratio of headache coexistence was as high as 70% [7].
Equally important is the association between AM and a family history of migraine headaches — a
study reported that 90% of AM patients had a family history of migraine headache [33]. Other studies
also reported a high percentage of such coexistence [7].

The fast wave activity (beta rhythm) in the visual evoked response (VER) to red and white
flashes was suggested to support AM diagnosis between attacks [34]. It was shown that 27 out of 28
children with clinically diagnosed AM demonstrated differences compared with normal controls.
Importantly, comparisons with children diagnosed with migraine with or without aura revealed that
AM might be a specific form of childhood migraine. That conclusion was drawn based on VER
findings of higher amplitude fast wave activity and the presence of paroxysmal sharp wave activity.
Furthermore, a decreasing intensity of both clinical and electrophysiological symptoms with age was
observed in that study. These conclusions were generally confirmed in a subsequent study with 18
children younger than 10 years with AM and/or CVS [35].

Treatment

Children with AM often start to outgrowth the disease around puberty and approximately 60%
of individuals who experience AM in childhood no longer experience AM episodes in their late
teenage years [5]. Several reports have suggested that children with AM may develop migraine
headache in late childhood or adulthood [32,36,37]. Therefore, AM may be considered a kind of
migraine prodrome [32].

Treatment approaches for AM have not been widely documented in the literature and are based
on the experience of physicians, presenting personal rather than evidence-based practice. The efficacy
of therapeutic strategies in migraine headache influences the management of AM. In general,
pharmacological and non-pharmacological approaches are considered. Both can be further
categorized into acute or preventive treatments.

Non-pharmacological treatment of AM is mainly aimed at preventing or ameliorating AM
triggers and is based on the STRESS (sleep, exercise, eat, diary, and stress) mnemonic, similar to
mnemonic SEEDS (sleep, exercise, eat, diary, and stress), applied in migraine headache [38,39]
(Figure 2). Such treatment is justified by the results of studies showing that psychological factors may
play a role in the pathogenesis of FGIDs [40]. It was reported that abdominal pain predominant
FGIDs were higher in the group of teenagers aged 13-18 years who experienced sexual or emotional
abuse than those who were not abused [41]. Stress as a risk factor for AM, may play a different role
in the pathogenesis of AM than it does in migraine headache. We recently showed that the prevalence
of stress associated with social aging has a similar age-dependence as the prevalence of migraine [42].
It is difficult to assess the immediate consequences of stress experienced by children, and this issue
should be further addressed by pediatric psychologists. Therefore, we did not attempt to explore the
role of psychological factors in the pathogenesis of AM.
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Figure 2. Actual and potential treatment options in pediatric abdominal migraine. Metabolic
treatment overlaps with both non-pharmacological and potential treatment and will be discussed in
more detail in subsequent sections. CGRP: calcitonin gene-related peptide; Nerivio: Theranica’s
Nerivio — a device approved by FDA to treat headache in adolescents; SEEDS: sleep, exercise, eat,
diary, and stress mnemonic; VPA: sodium valproate.

Apart from recommendations on stress avoidance and psychological care, other non-
pharmaceutical strategies are considered in AM treatment. An oligoantigenic diet, which eliminates
foods than can cause allergic responses, was effective in the treatment of patients with recurrent
abdominal pain (RAP) and AM [43]. Additionally, moderate- to low-quality evidence was found that
probiotics were efficient in ameliorating pain in children with RAP [44]. Many foods are
recommended to be excluded from the diet in the prevention of AM and their list significantly
overlaps with those for migraine headaches [1].

The Food and Drug Administration has cleared Theranica’s Nerivio, a remote electrical
neuromodulation device for acute and preventive use in adolescent migraine patients (not younger
than 12 years) (https://www.prnewswire.com/news-releases/fda-approves-theranicas-nerivio-for-
acute-treatment-of-migraine-in-adolescents-301213967.html, accessed July 18, 2023). There is no
objection to test this device in adolescents with AM.

To date, the FDA has not approved any pharmacological treatment for AM. Studies on
pharmacological intervention in AM are usually performed on small populations of patients [1,32].
These studies include propranolol, cyproheptadine, flunarizine and pizotifen in prevention and
ibuprofen and sumatriptan in abortive treatment. Children with AM were treated with pizotifen, a
potent serotonin and tryptamine antagonist and placebo in a double blind placebo controlled trial
[45]. Seventy percent of the patients reported improvement over 4 months, and they had a reduced
number and intensity of AM symptoms. Propranolol caused cessation of abdominal pain in 75% of
children with AM as evaluated in a retrospective review [46]. The same study reported 33% cessations
of symptoms in children treated with cyproheptadine, but 50% of patients in this population had a
fair response (persistence of symptoms but milder and less frequent). Therefore, both propranolol
and cyproheptadine significantly improved the symptoms of AM. Flunerazine, a calcium-blocking
agent, given at 7.5 mg/day to children with AM, caused a 61% reduction in the frequency and 51%
reduction in the duration of AM attacks [47]. That study also showed that flunerazine effectively
ameliorated symptoms of CVS [4].
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Some drugs were used to abort acute AM attacks. Sumatriptan, a serotonin receptor (1b and 1d)
agonist used to treat migraine and cluster headaches, was effective in resolving pain in a 9-year girl
diagnosed with AM [48]. The same study showed that sumatriptan was effective in ameliorating pain
in another 9-year girl with childhood functional abdominal pain syndrome (H2d1l, Rome III).
Dihydroergotamine (DHE) was intravenously given mostly to female adolescent AM patients aged
13 to 19 years, who did not respond to other agents, including amitriptyline, verapamil, topiramate,
or depakote [49]. The AM symptoms were resolved in all patients with the time between relapses
ranging from 4 to 12 months. Sodium valproate, an antiepileptic approved for migraine treatment,
was also successfully used to ameliorate AM symptoms in several case series studies [50,43,51].

Topiramate is a drug approved by the FDA for epilepsy treatment and migraine prophylaxis
that blocks sodium and calcium voltage-gated channels, inhibits glutamate receptors, enhances
gamma-aminobutyric acid (GABA) receptors, and inhibits carbonic anhydrase [52]. Topiramate was
effective when administered to children with frequent migraine attacks at a dose of approximately
1.5 mg/kg/day [53]. The drug reduced mean frequency, severity and duration of headache attacks.
An improvement in headache disability, according to the Pediatric Migraine Disability Assessment
(PedMIDAS) score was observed in that study [54]. As a double-blinded prospective clinical trial
showed that a supplementation with vitamin D3 increased the efficacy of topiramate in the
prevention of pediatric migraine, the use of the vitamin in AM might be justified [55].

Calcitonin gene-related peptide monoclonal antibodies and gepants made a breakthrough in
migraine therapy and raised the question whether such kind of therapy might be applied in children
and adolescents [9]. The next question is whether CGRP may be targeted in AM. In this context it is
important that the role of CGRP in the gut-brain-microbiota axis is recognized: CGRP displays an
antimicrobial action on the gut microbiota and dysbiosis can increase the release of CGRP [56].
Increased levels of CGRP were observed in childhood and adolescent migraine patients [57-59].
Although little is known about CGRP metabolism in children, some studies have shown promising
results. Rizatriptan is the only FDA approved agonist of serotonin receptors (triptan) for use in
children aged 6-17 years, but other triptans have also shown anti-migraine efficacy in children [60].
No data are available for antagonists of the CGRP receptor (gepants), and for CGRP ligand/receptor
antibodies, positive evidence is only reported in a case series [61]. Therefore, ongoing and prospective
clinical trials and experimental studies on the use of the CGRP-targeting drugs in migraine therapy
in children and adolescents still need time to provide results that could be implemented in clinical
practice. Consequently, the same concerns apply to anti-CGRP therapy in AM.

Metabolic treatment is reported to be effective in some studies in migraine in children and
adolescents, but other studies do not report its efficacy. However, there is no evidence of such
treatment in AM. This subject will be discussed in further sections. Figure 2 summarizes present and
putative therapeutic approaches in AM.

The gut-brain axis in migraine and functional gastrointestinal diseases

The enteric nervous system (ENS), a part of the peripheral nervous system located within the
walls of the GI tract, controls its functions in dependence on and independently of the CNS [62].
However, the ENS is not fully autonomous, as the neuronal control of GI functions is an integrated
network controlled by the CNS. Information flow between the ENS and CNS and between the ENS
and sympathetic ganglia occurs in both directions [62]. Impaired innervation of the GI causes
dysfunction manifested by several clinical symptoms, including abdominal pain [63]. The gut
microbiota affects both the ENS and CNS and its disturbances are related to many neurological
diseases [64]. The bidirectional interactions between the CNS, ENS, GI tract and gut microbiome are
referred to as the gut-brain axis, which expresses the mutual dependence between functions of the
GI tract and CNS.

Abdominal pain, which is a clinical feature of AM, is a gastrointestinal pain that is a kind of
visceral pain, common in FGIDs [65]. Such pain is associated with alterations in brain-gut interactions
as it may result from conscious perception of interoceptive information from the GI tract or recall of
interoceptive memories of such input [66].
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Afferent signals from the lumen of the CI tract are sent by enteric, spinal and vagal afferent
pathways to the CNS [67] (Figure 3). Proper gut responses to physiological/pathological afferent gut
signals are generated by homeostatic reflexes occurring at the level of the ENS, hypothalamic-
pituitary (HPA) signaling, the spinal cord and the pontomedullary nuclei and limbic regions [68].
These reflexes play a role in transmitting vagal visceral inputs to modulate pain and other sensory
and emotional experiences [69]. Visceral pain transmission is modulated by descending corticolimbic
impacts that can set the gain and responsiveness of such reflexes and inflict different outlines of motor
responses on lower circuits [70].

HPA pathway
Vagal pathway

“Enteric pathwéi{\
Spinal pathway
- Vagal pathway

Interoceptive information
Aemyjed
snousabopus Aloje|npow-uied

Figure 3. Abdominal pain, which is the main clinical feature of abdominal migraine, may result from
the disturbance in bidirectional (green and red) communication within the gut-brain axis, which is
influenced by the gut microbiome (circle). Abdominal pain, a kind of visceral pain may result from
conscious perception of interoceptive information from the gastrointestinal tract. Visceral pain is
influenced by homeostatic reflexes occurring at the level of the enteric nervous system, hypothalamic-
pituitary (HPA) signaling, the spinal cord and the pontomedullary nuclei and limbic regions. Parts of
the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is
licensed  under a Creative =~ Commons Attribution 3.0  Unported  License
(https://creativecommons.org/licenses/by/3.0/).

Due to the clinical presentation of AM, disturbances in gut-brain axis functioning are an
immediate candidate to underline AM pathogenesis. Changes in gastrointestinal (GI) transit resulting
in diarrhea or constipation are autonomic symptoms of pre- and post-dorsal phases of migraine
attack [71]. Lower gastric empty times and decreased antral motility were observed in a group of
children aged 4-12 years [72]. Moreover, the more severe the symptoms are, the lower the amplitude
of antral contractions, suggesting that slower gut motility may play a role in AM pathogenesis, but
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several other factors may induce changes in gastric emptying and antral motility. Therefore, it is
uncertain, whether the observed changes in GI motility are causative effects or are secondary to AM
[1]. Impaired gastric emptying was observed in pediatric patients with functional dyspepsia [73,74].

The blood-brain barrier (BBB) is a physical and functional separator between the gut/microbiota
and the brain. As it contains brain microvascular endothelial cells, neurons, microglia, astrocytes,
pericytes, and extracellular matrix, it may modulate communication within the gut-brain axis [75].
The presence of the BBB in the context of the gut-brain axis is an important element that should be
considered in projecting therapeutic strategies targeting the disturbances of the axis.

In the context of the functioning of the gut-brain axis it is questionable whether FGIDs exist as
individual, distinct and stable syndromes despite clearly distinguishing them in commonly accepted
classifications [66]. Abdominal migraine is not a stable syndrome as in most cases, it either
transforms into headache migraine or does not exist in adulthood. Second, it significantly overlaps
with other FGIDs, and per ICHD definition, it is associated with migraine and with psychological
symptoms and psychiatric syndromes, particularly anxiety, somatization, and depression. As stated
above, changes in gastric emptying and antral motility were associated with AM, but such changes
were also observed in pediatric patients with functional dyspepsia and in children with
gastroesophageal reflux disease [76-79]. Abdominal migraine in adults is rare, but the reported cases
are not completely diagnosed to exclude other functional pain-related syndromes [80]. Therefore,
AM can be considered a disturbance in the functioning of the gut-brain axis, whose balance is shifted
toward the peripheral components.

Metabolic abnormalities in migraine

Metabolic disturbances are reported to play a role in headache migraine pathogenesis, and they
are associated with increased demand and decreased production of energy in migraine [81]. The brain
has high metabolic activity compared with other organs [82].

Although migraine headache may be associated with the activation of the trigeminovascular
system, the main pain-signaling system of the viscera brain, the precise mechanism leading to such
activation is poorly known [83]. However, fasting and skipping meals as well as some specific
nutritional compounds are migraine triggers recognized by many patients [84,85]. Therefore, a
plethora of metabolic triggers may play a role in migraine pathogenesis, which justifies considering
metabolic treatment as a therapeutic strategy in this disease [10]. However, the molecular mechanism
behind these metabolic triggers is not fully known and many routes, likely acting in concert, are
possible. These assumptions were confirmed in MRI studies showing reduced concentrations of
metabolic substrates and products in migraine patients [86,87]. Interestingly, MRI studies also
revealed that the more pronounced the changes in metabolism in migraine patients, the more severe
the disease [88,89]. Inborn changes in metabolism and metabolic diseases should be considered in the
differential diagnosis of recurrent abdominal pain syndromes, including AM and CVS [90].

Migraine is associated with the need for energy generation by the affected brain. The brain
produces energy mainly by the breakdown of ATP synthesized from glucose in three consecutive
stages: glycolysis, the tricarboxylic acid cycle (TCA) and oxidative phosphorylation. This leads to the
increased production of inorganic phosphate that may be detected in nuclear magnetic resonance
(NMR) studies of the brain. A lower phosphocreatine to creatine ratio and increased concentrations
of ADP were observed in 3'P-NMR studies in migraine patients, indicating lower energy production
by the migraine-affected brain [91]. Creatine phosphate (phosphocreatine) is an important
component in the brain energy metabolism because it participates in ATP recycling [92]. Moreover,
intermediates of glycolysis and TCA are implicated in the biosynthesis of carbohydrates,
neurotransmitters, neuromodulators, and amino acids that are essential for the functioning of the
gut-brain axis [93]. Therefore, brain energy metabolism is closely associated with mitochondrial
homeostasis as oxidative phosphorylation occurs in mitochondria and consequently, migraine
pathogenesis may be underlined by mitochondrial disturbances [94]. Similar to adult headache
migraine, AM prevalence is higher in females than males, suggesting that mitochondrial transmission
may contribute to AM pathogenesis. Furthermore, impaired mitochondria may overproduce reactive
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oxygen and nitrogen species (RONS), increasing oxidative stress in the brain and the GI tract and
contributing to central sensitization, which is important in migraine. Moreover, age was correlated
with metabolic changes in the critical regions of the brain for migraine to a grater extent than disease
duration or the number of monthly migraine days [95]. However, that observation cannot be directly
connected with migraine in children as aging-related changes may not be seen in children,
adolescents and even young adults.

Migraine-related alterations in energy metabolism may be, at least in part, determined by the
genetic constitution of migraine patients as mutations associated with migraine include genes
involved in metabolic reactions [96-99]. Patients with such mutations cannot cope with metabolic
challenges transmitted by migraine-affected brains and experience disturbances in cortical
homeostasis [100].

Riboflavin (vitamin B2) is an essential compound for the synthesis of myelin in the nervous
system and its deficiency can determine the disruption of myelin lamellae and other "riboflavin
transporter deficiencies” as well as further syndromes [101]. No effect of 50 mg/day riboflavin in
children aged 6-13 years in the prevention of migraine attack was observed in a preliminary placebo-
controlled, randomized, double-blind, cross-over trial [102]. Similarly, a double-blind, randomized,
placebo-controlled trial showed that high doses (200 mg daily) of riboflavin were not effective in
reducing of the number of migraine attacks per day and the severity of the attacks in children [103].
A high responder rate was observed in that study. However, a subsequent study showed that
riboflavin at 200 or 400 mg daily was effective in decreasing the frequency and intensity of migraine
attacks in children and adolescents [104]. Neither of these studies mentioned whether AM patients
were included/excluded.

Coenzyme Q10 (CoQ10) is an essential component of the mitochondrial electron transport chain
whose deficiency is associated with different disorders and aging [105]. It is also an antioxidant in
cellular membranes and lipoproteins. It was shown that almost 1/3 out of 1550 pediatric and
adolescent patients with frequent headaches had CoQ10 levels below the reference value [106].
Supplementation with CoQ10 in these patients improved their migraine disability assessed with
PedMIDAS and reduced headache frequency. In a randomized, double-blinded, placebo-controlled,
crossover, add-on study of CoQ10 (100 mg supplement for 224 days) in the prevention of pediatric
and adolescent migraine, both the placebo and CoQ10 groups showed reduced migraine frequency,
severity and duration over time [107]. However, CoQ10 treated patients had a greater improvement
in frequency from subject-reported baseline starting within 4 weeks after the initiation, but there was
no difference in headache outcomes between the CoQ10 and placebo groups on day 224. Generally,
those results showed that children and adolescents with migraine improved over time with
multidisciplinary, standardized treatment regardless of supplementation with CoQ10 or placebo.

Several other supplements, including alpha lipolic acid, magnesium, homocysteine, pyridoxine,
folate, cobalamin, carnitine, niacin, thiamine, melatonin and a ketogenic diet were reported to
prevent or ameliorate migraine attacks (reviewed in [108,10]). All these interventions may be
associated with an increase in energy production and reducing in brain energy deficits by improving
mitochondrial functions and reducing oxidative stress. They have not been studied in AM cases thus
far.

Some positive results from metabolic treatment of migraine with compounds related to brain
energetics do not limit the pathogenesis of migraine to impairments in brain metabolism. This is
especially important in AM, in which the gut brain-axis may be functionally impaired at the gut level.
Migraine and AM are multifactorial diseases and their treatment should meet their individual
features that may include amounts of and proportions between some metabolic pathways.

In summary, due to nature of AM, which is characterized by disturbances in GI functioning, it
seems suitable for metabolic treatment, which should be preceded by a determination of the
metabolic profile of an individual.

The kynurenine pathway of tryptophan metabolism and its role in the pathogenesis of migraine
and functional gastrointestinal diseases
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Tryptophan is an essential amino acid that must be provided by exogenous sources in humans.
In the human body, TRP is metabolized in three major pathways: the 5-HT, KYN, and microbiota-
related indole pathways. The major site of TRP metabolism is the GI tract. Under normal conditions,
the KYN pathway metabolizes about 90% of TRP in the liver via tryptophan-2,3-dioxygenase (TDO).
The products of the KYN pathway may be implicated in the pathogenesis of neurological diseases
[16].

The KYN pathway occurs mainly in epithelial and immune cells, where TRP is metabolized to
many products with the involvement of enzymes largely expressed in the liver (Figure 4) [109]. KYN
and other products of the KYN pathway play an important role in many regulatory functions in the
CNS and therefore they may be involved in the pathogenesis of CNS diseases, including neurological
disorders [110]. To date, kynurenic acid (KYNA) has gained the greatest research interest among
products of the KYN pathway. Some studies report manipulating the amount of KYNA in the brain
to prevent and treat CNS disorders [110]. The interaction of KYNA with 7 nicotinic acetylcholine
receptors (7nAchRs), the N-methyl-D-aspartic acid (NMDA) receptor and G protein-coupled receptor
35 (GPR35) underlines the influence of KYNA on brain functions [111-113]. These interactions are
also important in migraine pathogenesis as the activation of glutamate receptors may be relevant to
central sensitization, which is related to cutaneous allodynia often associated with migraine [114,115].

L-Tryptophan

(100 | oo

N-formyl-L-kynurenine
KFO

L-kynurenine
Kynurfnic acid 3-hydroxykynurenine
Quinaldic acid

Xanthurenic acid  3-hydroxyanthranilic acid

8-hydroxyquinaldic acid 2-amino-3-carboxymuconic 6-semildehyde

2-aminomuconic-6-semialdehyde

=

Quinolinic acid Picolinic acid Acetyl-CoA

NAD+

Figure 4. The kynurenine pathway of tryptophan metabolism. The enzymes essential for the
pathways are presented within yellow ovals, but some reactions may occur nonenzymatically. TDO,
tryptophan 2,3-dioxygenase; IDO1/2, indoleamine 2,3-dioxygenase 1 or 2; KMO, kynurenine 3-
monooxygenase; KAT, kynurenine aminotransferase; KMO, kynurenine 3-monooxygenase; KYNU,
kynurenineinase; 3-HAOQO, 3-hydroxyanthranilic acid 3,4-dioxygenase; ACMSD,
aminocarboxymuconate-semialdehyde decarboxylase; AMSD, 2-aminomuconic semialdehyde
dehydrogenase; QPRT, quinolinic acid phosphoribosyltransferase; NAD+, nicotinamide adenine
dinucleotide phosphate.
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The distribution of the products of the KYN pathway was determined in the serum of CM
patients [116]. Significant reductions in the levels of KYN, KYNA, 3-hydroxykynurenine (3-HK), 3-
hydroxyanthranilic acid (3-HAA), 5-hydroxyindolacetic acid (5-HIAA) and quinolinic acid (QUINA)
were observed in that study, but the levels of TRP, anthranilic acid (ANA) and xanthurenic acid (XA)
were increased. It was concluded that KYN was metabolized to ANA at the expense of KYNA and 3-
HK. As KYNA is a competitive antagonist of the glycine site of NMDA receptors that are overactive
in migraine, its reduction suggests a protective role of KYNA in migraine [117,118]. These results
show that the KYN pathway of TRP metabolism may be important in migraine pathogenesis. Several
other studies pointed at the role of products of the KYN pathway in effects closely related to migraine,
including cortical spreading depolarization (CSD), increased activity of sex hormones and
permeability of BBB [119-121].

According to the Rome IV classification, FGIDs in children are categorized into three classes: (1)
functional abdominal pain disorders; (2) functional nausea and vomiting disorders; and (3) functional
defecation syndromes [122]. The first class can be further divided into irritable bowel syndrome (IBS),
functional dyspepsia and AM. Apart from AM, CVS and infantile colic are gastrointestinal episodic
syndromes classified by ICHD-3 beta as variants of migraine. This is not a subject of this work to
present association between FGIDs and migraine in children, which is described in many excellent
reviews (e.g., [123,3,124-127]). Apart from the Rome and ICHD classifications, medical practice
distinguishes some other symptoms that may be related to AM. Medically unexplained symptoms
(MUSs) are symptoms that are identified in children and present with headache, fatigue and
abdominal pain, but without identifiable infectious or metabolic etiology [128]. In most MUS cases,
the origin of abdominal pain is not identified and usually attributed to psychogenic origin. The term
“recurrent abdominal pain” (RAP) describes the presence of at least 3 or more discrete episodes of
abdominal pain over a period of at least 3 months, interfering with the normal daily activity of a child
[129]. Therefore, MUS and RAP additionally complicate AM diagnosis, despite their clear distinction,
as the symptoms are self-reported by children that may be oversensitive to their abdominal pain.
High concentrations of 3-HAA, high 3-HAA:AA ratio, a low AA concentration and a low KYN:TRP
ratio were observed in children with RAP as compared with children with asymptomatic intestinal
parasitic subclinical infection [130]. That study also showed changes in the concentration of
inflammatory markers, including interleukins 10 and 6, tumor necrosis factor alpha and brain-
derived neurotrophic factor.

Most of the research on the role of the KYN pathway in FGIDs focuses on irritable bowel
syndrome (IBS). The results of these studies show that IBS patients have a higher KYN/TRP ratio and
lower levels of KYNA and display changes in the KYN pathways that are associated with their mental
problems [131-135]. Several mechanisms may underlie the link between IBS and the KYN pathway
and some of them may also be related to migraine. A differential downstream profile of KYN
production was shown in IBS patients after Toll-like receptor activation [132]. Changes in the TLR
profile involved TLR1/2, TLR2, TLR3, TLR5, TLR7, and TLR8. The TLR4 signaling was associated
with the mast cell-mediated migraine pain pathway [136]. In general, migraine presents some clinical
features with IBS [137]. Both are chronic, pain-related disorders that occur with higher prevalence in
women than men and are associated with psychological comorbidity and allodynia. However, IBS
may display different clinical presentations depending on whether it is associated with diarrhea or
constipation [138]. We showed that limiting TRP intake improved the state of IBS patients with
predominant diarrhea evaluated by the Gastrointestinal Symptom Rating Scale with a concomitant
increase in KYN and decrease in KYN and QA urinary levels [139]. Our results are in line with those
showing a higher level of TRP in IBS patients with predominant diarrhea [140].

Obesity in children and its connection with migraine and the kynurenine pathway

Although the prevalence of childhood and adolescent obesity is constant in many high-income
countries, it is alarmingly high, e.g., 1 per 5 US children was reported to be obese in 2019 [141].
Although this problem is not so serious in Europe, it is an important public health issue that affects
a large number of children [142]. Childhood obesity is pursued into adulthood in a high proportion

doi:10.20944/preprints202308.0760.v1
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as approximately 85% of obese children become obese adults [143-145]. Moreover, the increasing
prevalence of obesity in children is linked with an increased incidence of conditions formerly thought
as typical for adulthood, including metabolic syndrome, type 2 diabetes mellitus, non-alcoholic fatty
liver disease and depression [146]. However, obesity cannot be considered as the sole cause and an
initiating factor of metabolic syndrome [147]. On the other hand, as the prevalence of obesity in
children increasing worldwide, it is unlikely that the syndrome is largely determined by genetic
constitution, and a combination of genetic/epigenetic factors, behavioral risk patterns and
environmental and sociocultural influences may affect the body weight regulation system [148].

Obesity is also linked with migraine, and a lack of such link with tension headache may suggest
that migraine can be a specific headache syndrome associated with obesity [149]. Migraine is among
the diseases that can be associated with obesity in children, suggesting that these two diseases may
share some elements of pathogenesis [27]. As there are many nutritional components that are
migraine triggers and obesity may be directly linked with central and peripheral pathways regulating
feeding, some neurotransmitters such as serotonin, peptides such as orexin, and adipocytokines such
as adiponectin and leptin may play a role in both feeding regulation and migraine [150].

Serotonin may have a special position in the link between feeding control/obesity and migraine.
Serotogenic neurons penetrate almost all regions of the CNS, the primary sensory cortex, the
thalamus, the trigeminal nuclei and the dorsal horns of the spinal cord [151]. Serotonin has as many
as 15 receptors known to date and their actual number and efficiency along with 5-HT production
determine serotonin-related biological effects. However, these effects should not be considered
without TRP metabolism and particularly — KYN pathway of TRP metabolism. Serotonin is produced
in the 5-HT pathway of TRP metabolism, which transforms only about 5% of total TRP in humans, in
contrast to the KYN pathway, which is responsible for almost the rest of the administered TRP.
Therefore, any disturbance in the TRP metabolism leading to an alteration in the physiological
proportion between the 5-HT and KYN pathways of TRP metabolism may lead to disturbances in
feeding control that may result in overweight/obesity as 5-HT signals satiety [152]. The less 5-HT
there is, the weaker the satiety signal. On the other hand, low levels of 5-HT were observed in
migraine patients between attacks and high levels of 5-HT were reported during acute headaches
[153,154]. These results led to the theory that migraine may be syndrome of dysfunction of the
serotonergic system with low levels of 5-HT provoking headache attacks with increased 5-HT levels
[155]. This theory was supported by the effective action of antagonists of 5-HT receptors, including
triptans [156]. However, positron emission tomography (PET) imaging of the 5-HT receptor showed
that migraine patients had lower levels of this receptor during attacks [157]. The conclusion was that
those patients might have higher levels of 5-HT in some structures of the brain. Therefore, the role of
5-HT in migraine pathogenesis is not completely clear; in particular, the origin of the acute increase
in 5-HT levels during attacks is not knownas it was assumed that a higher level between attacks might
result from individual susceptibility to migraine [157].

One of the first studies on the association of obesity with migraine in children and adolescents
showed that the prevalence of migraine was 2.5% in normal subjects, 4.4% in overweight subjects and
8.9% in obese subjects [158]. Several other associations between migraine and obesity in children were
reported, but none concerned AM [27].

Obesity is not only related to TRP metabolism through the 5-HT pathway. Obesity-related
inflammation was associated with the TRP metabolism via indoleamine 2,3-dioxygenase (IDO) [159].
A study with severe obesity (BMI = 97th percentile) patients aged 9-19 years showed that the activity
of IDO and its product, KYN, positively correlated with BMI z-score and body fat mass, whereas
concentration of 5-HT showed a negative correlation with these parameters [160]. Therefore, BMI and
body fat mass were associated with increased activity of the KYN pathway of TRP metabolism and
decreased synthesis of 5-HT in children and adolescents with severe obesity.

Over 500 children aged 8 years were enrolled within the Growing Up in Singapore Toward
healthy Outcomes (GUSTO) prospective mother-offspring cohort study [161]. The levels of the
metabolites of the KYN pathway were increased in overweight or obese children as compared with
their normal weight counterparts. Specifically, plasma KYN, KYNA, XA, 3-HAA and QUINA
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showed positive associations with body fat percentage, and systolic blood pressure. All KYN
metabolites except 3-hydroxykynurenine (3-HK) were significantly correlated with metabolic
syndrome scores. In conclusion, higher plasma concentrations of KYN pathway metabolites are
associated with obesity and with an increased risk for metabolic syndrome.

In summary, overweight or obese children, display metabolic disturbances that may predispose
them to AM as these disturbances are typical for both migraine and FGIDs. The amount and
proportions of the products of the KYN pathway of TRP metabolism are changed in these children
and modulation of the KYN pathway may be considered to reduce overweight/obesity and
ameliorate AM in thic group of children.

Conclusions and perspectives

The correct diagnosis of AM can be difficult, as it is characterized by several symptoms
overlapping with other diseases. Abdominal migraine can be regarded as an FGID according to the
Rome IV classification, but ICHD III classifies it as a syndrome that may be associated with migraine,
although AM does not have to be linked with headache. However, the diagnostic criteria provided
by Rome IV and ICHD III are slightly different, additionally complicating a right AM diagnosis. The
pathogenesis of AM is poorly understood, impeding progress in its diagnosis and treatment.
Abdominal migraine almost exclusively affects children and adolescents which implies difficulties in
its diagnosis based on self-reported symptoms and also in recruiting subjects for controlled clinical
trials. Moreover, there is no reasonable animal model of AM and due to the specificity of the disease,
there is little hope to establish such a model at all. Therapy of abdominal migraine is mainly based
on the individual experience of physicians and is not always evidence-based; thus far the FDA has
not approved any pharmacological treatment for AM. These facts indicate that AM is an undiagnosed
and an undertreated disease, although AM may be a serious problem for affected children and their
families, significantly interfering with their everyday activity.

As AM is characterized by elements typical of FIGDs and migraine pathogenesis and studies on
AM are scarce, we often related to the results obtained either in migraine or FGIDs studies. It cannot
be excluded that due to difficulties in AMD diagnosis in children, some study populations in both
migraine and FGIDs research included cases of AM. On the other hand, focusing on AM as a disease
of children and adolescents may lead to overlooking its rare cases in adults [30].

We and others showed that the KYN pathway of TRP metabolism played a role in the
pathogenesis of FGIDs and mood disorders accompanying FGDIs. We also showed that the changes
in the concentration of the products of the KYN pathway might modulate pharmacological treatment
of FGIDs. This, along with reports on the involvement of products of KYN metabolism in migraine
and obesity in children, allowed us to hypothesize that the KYN pathway may be involved in AM
pathogenesis. The levels of the products of the KYN pathway can be changed with the adjustment of
TRP content in the diet, as we showed in clinical trials on the role of TRP intake in the pathogenesis
of the GI tract and mood disorders [162,163,139,164,165]. Surely, the TRP content in the diet does not
be the only determinant of the concentration and activity of the product of TRP metabolism. The main
product of the other TRP metabolic pathway, 5-HT, has a broad impact as a neurotransmitter and
neuromodulator and is implicated in many physiological processes and pathological conditions
within the CNS, including migraine, although only approximately 1% of dietary TRP is used for 5-
HT synthesis in the brain [166]. Therefore, it is justified to study the 5-HT pathway of TRP
metabolism in AM.

Considering AM as an impairment in the functioning of the gut-brain axis, the gut microbiota
should be taken into consideration, especially because disturbances in the gut microbiota can be
directly related to the pathogenesis of FGIDs [167]. Recently, it was shown that children with
migraine displayed differences in the gut microbiota as compared with their peers without migraine
[168]. Again, AM may be more closely related to changes in the gut microbiome than migraine due
to its closer connections with the gut microbiota, typical for FGIDs. Therefore, this aspect of AM
should be explored in the therapeutic context.

doi:10.20944/preprints202308.0760.v1
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In summary, we suggest that placebo-controlled clinical trials in AM with dietary interventions
changing the products of the KYN pathway of TRP metabolism are justified because:

1. Abdominal migraine has the features of both FGIDs and migraine, whose pathogeneses
include changes in the KYN pathway.

2. Metabolic treatment, shown to be effective in migraine cases, is especially suited for children,
as this group of patients should be treated with drugs only when symptoms are severe and frequent
enough to strongly interfere with their everyday activities.

Such clinical trials might be accompanied by pharmacological interventions modulating the
KYN pathway in children with severe symptoms of AM. Molecular and cellular studies on the role
of the KYN pathway in AM pathogenesis, should clarify the mechanisms underlying the clinical
symptoms of AM. Such preclinical studies are needed to establish details of KYN pathway
modulation in clinical trials.
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3-HAA: 3-hydroxyanthranilic acid; 3-HK: 3-hydroxykynirenine; 5-HIAA; 5-hydroxyindolacetic
acid; 5-HT: 5-hydroxytryptamine, serotonin; 7nAchR: 7 nicotinic acetylcholine receptor; AM:
abdominal migraine; ANA: anthranilic acid; BBB: blood-brain barrier; CGRP: calcitonin gene-related
peptide; CoQ10: coenzyme Q10; CSD: cortical spreading depolarization; CVS: cyclic vomiting
syndrome; FGID: functional gastrointestinal disorder; CM: chronic migraine; CNS: central nervous
system; EM: episodic migraine; ENS: enteric nervous system; FGID: functional gastrointestinal
disorder; GI: gastrointestinal; GPR35: G protein-coupled receptor 35; IBS: irritable bowel syndrome;
IDO: indoleamine 2,3-dioxygenase; KYN: kynurenine; KYNA: kynurenic acid; MUS; medically
unexplained symptom; NMDA: N-methyl-D-aspartic acid; NMR: nuclear magnetic resonance; NOS:
not otherwise specified; PedMIDAS: Pediatric Migraine Disability Assessment tool; QUINA:
quinolinic acid; RAP: recurrent abdominal pain; RONS: reactive oxygen and nitrogen species; TCA:
tricarboxylic acid cycle; TLR: toll-like receptor; TRP: tryptophan; VER: visual evoked response; XA:
xanthurenic acid.
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