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Abstract: This chapter explores the role of the gut-brain axis, ketogenic diet, and
cow’s milk allergy on epileptic seizures, with a special focus on childhood. Milk
nutrition is particularly relevant for normal growth and health in childhood;
however, some studies report an association between cow’s milk allergy and
epileptic events. It is necessary to clarify the role of protein polymorphisms in
these events and the influence of milk protein fractions on gut microbiota in the
pathophysiology of epilepsy. The rationale for the discussion assumes that
appropriate nutrition in infants offers the possibility of minimizing diet-induced
proinflammatory mediators in the brain, and at the peripheral level. The putative
role of diet on inflammation and intestinal microbiome in infants with generalized
epilepsy are presented. Furthermore, the potential benefits of ketogenic diet along
with non-bovine milk alternatives to manage epilepsy in children are discussed.
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INTRODUCTION

Epilepsy is defined as a condition of chronic seizure disorders with sudden and
transient episodes of seizures with loss or disturbance of consciousness in which
recurrent spontaneous seizures are not directly related to a specific triggering event.
However, seizures are at times provoked by external or internal stimuli. A plethora
of precipitating factors such as sleep deprivation, excess alcohol intake, premature
awakening, menstruation, psychological stress, and photic stimulation, as well as
reading, thinking, writing, calculating, and playing musical instruments have been
identified (1). Knowledge of seizure precipitants is potentially helpful because this
can lead to behavioral modification and, perhaps, a reduction in seizure frequency.
Although the perception of food as a seizure precipitant is linked to cultural beliefs
and differs greatly between Middle Eastern and Western countries (2), the real
weight of food and food allergies on seizure remains undetermined and offers a
stimulating debate about the mechanisms underlining the relationship between
foods-mediated allergic disease and seizures. Nutrients appear able to modulate
the inflammatory status of humans, and inflammation has consequently emerged
as an important research topic in food and nutritional sciences (3). In a recent
review on the clinical evidence of dairy products and inflammation, Bordoni et al.
(4) reported that while dairy products exert a general anti-inflammatory activity in
humans, they can also exert a pro-inflammatory activity in subjects allergic to
bovine milk. This event is of particular interest in infants because it may affect the
development of the immune system and the gut microbiota. Gut microbiota is
considered a key regulator of immunity especially in infants. This chapter dis-
cusses the relationship between the gut-brain axis, ketogenic diet, and milk con-
sumption on epileptic disorder.

THE GUT-BRAIN AXIS IN CHILDHOOD EPILEPSY DISORDER

The communication network between the intestinal microbiome, the central
nervous system (CNS) such as the vagal afferent nerves and the hypothalamic—
pituitary—adrenal cortical axis, the immune system, and certain active metabolites
has been established (5-8). Gut microbiota comprises a large number of intestinal
microbial communities mainly characterized by anaerobic bacteria and other
microorganisms such as Archaea, Eukarya, viruses, and fungi (9), which are rec-
ognized as important for individual health. Gut microbiota can communicate
with other parts of the body, including the brain (10). The complex interplay
between the gut microbiota and the brain, the “microbiota-gut-brain axis”, is acti-
vated through the work of various signaling networks. This axis can be considered
a dynamic multidirectional neuroendocrine system which includes direct nerve
connections, immune factors, and endocrine signals (11-13). During gut dys-
function/dysbiosis, inflammation, alteration of neuromodulators, and the disrup-
tion of the blood brain barrier can occur (14). An alteration of microbial population
generates unhealthy signals which are transferred to the brain, activating cellular
degeneration, unbalanced energy homeostasis, and increased oxidative stress (15).
Due to the central role of this “microbiota-gut-brain axis”, experimental and
clinical studies have discussed about the modulatory role of gut microbiota in
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several pathologies such as cancer (16), obesity (17), diabetes (18), and
neurological diseases such as Alzheimer’s disease (19), Parkinson’s disease (20) and
epilepsy (21-24). Notably, in the development and maintenance of some of these
pathologies, the loss of microbial diversity in the intestine represents a crucial
factor (21, 23, 24). Diet can influence the composition of the gut microbiota
(25, 26) and as a result, the outcome of a dietary intervention depends on the
composition of the gut microbiota at the time of the intervention (27).

With respect to epilepsy, there have been relatively few studies on the
composition of gut microbiome (28). A recent retrospective study confirms that
gut microbiota can affect childrens neurodevelopment and this, in turn, can be
dramatically affected by diet (29). It has been reported that gut microbiome
composition in infants with refractory epilepsy differed significantly from that
of healthy controls, with lower alpha diversity and especially increased
representation of Firmicutes and Proteobacteria. The authors concluded that
administration of ketogenic diet could significantly reshape the gut microbiota of
epileptic infants (29). Manipulation of diet can alter microbiome to achieve a
therapeutic effect in epilepsy, such as supplementation of diet with probiotics and/
or prebiotics. This can be achieved by the administration of yogurt and fermented
milk that contains health-promoting microorganisms such as Lactobacillus,
Bifidobacterium, and Streptococcus. Interestingly, probiotics have also been reported
to alter gamma aminobutyric acid (GABA) subunits in the brain, an effect that has
promise for affecting hyperexcitable brain conditions, such as epilepsy (30).

THE ROLE OF KETOGENIC DIET IN EPILEPSY TREATMENT

An adequate nutrition is essential for the prevention and control of many diseases.
Nutrition has a direct influence on metabolic and inflammatory processes (31).
The pharmacological agents that are currently used to treat epilepsy cause many
adverse events including decreased cognitive functions, psychiatric complica-
tions, hepatic toxicity, and cutaneous reactions. In this scenario, diet represents a
valid strategy in the treatment of epilepsy. Nutritional therapy could be an
economical and promising option to treat epilepsy. Adverse effects associated with
nutritional therapy are not so severe, and minimal most of time. Nutritional treat-
ment includes treatment with amino acids, antioxidants, vitamins, minerals, and
ketogenic diet (32). A typical ketogenic diet is characterized by a higher percentage
of fat and a lower percentage of carbohydrates, mimicking the metabolic state
of fasting in which the metabolism of glucose is replaced by the metabolism of
ketone bodies. The diet includes the consumption of mostly fats instead of
carbohydrates, producing ketones (acetoacetate, acetone, beta-hydroxybutyrate)
(33). Ketogenic diet has various beneficial effects on numerous organs and tissues,
inducing weight loss, reducing blood insulin levels and cardiovascular risk factors,
increasing mitochondriogenesis, and modulating neurotransmitter activity, as
well as improving vascular density in the brain (34). Ketogenic diet also has an
important role as a signalling mediator, driver of protein post-translational
modification, and modulator of inflammation and oxidative stress (34-36).
Mild dietary ketosis is a normal physiological mechanism, and the protective role
of ketone bodies has been proposed (37).
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Ketogenic diet can reduce epileptic seizures, for example, of drug-resistant
epilepsy in children (31, 32, 35). The mechanism of action of ketogenic diet in the
control of epilepsy is still unclear because epilepsy is thought to have multifacto-
rial etiopathogenesis. Ketone bodies likely have a positive interaction on GABA
receptors, enhancing the GABA system (33, 38). Another hypothesis analyses the
influence on neuronal uncoupling proteins implicated in the upregulation of
numerous energy metabolism genes and mitochondrial biogenesis with reactive
oxygen species (ROS) generation and energy production (39). Another patho-
genic mechanism considers the limited glucose and glycolytic flux that increase
Kyrp channels with hyperpolarization of neurons and glia (38). In infants, an asso-
ciation between milk allergies and epileptic events has been reported. Ketogenic
diet is indicated in treatment of refractory epilepsy in infants and can also be given
as a first-line treatment in GLUT1 and pyruvate dehydrogenase complex defi-
ciency, another mitochondrial disorder associated with lactic acidosis and pro-
gressive neuromuscular degeneration in childhood (40). Ketogenic diet has been
shown to treat the clinical symptoms of these disorders without adverse reactions
for up to two years of treatment (41). Ketogenic diet for infants affected by these
diseases has a lower fat content (lipid: non-lipid ratio 3: 1 compared to the tradi-
tional 4: 1 ratio). Diet can vary based on weight gain. Adequate hydration and
integration of micronutrients must be ensured. GLUT1-Disease (GLUT1-DS)
represents an elective disease for which classical ketogenic diet is a resolutive
therapy. Glucose transporter 1 deficiency syndrome is caused by heterozygous
mutations, mostly de novo, in the SLC2A1 gene on chromosome 1p34.2, which
codes for GLUT1 (42). Mutations in this gene limit the availability of glucose in
the brain, causing a shortage of energy in the brain. The severe “classic” pheno-
type is characterized by a chronic childhood-onset encephalopathy with drug-
resistant epilepsy, usually presenting within the first months of life with
psychomotor retardation, microcephaly, spasticity, ataxia, and mixed movement
disorders. Ketogenic diet is considered the gold standard therapy for GLUT1-DS;
in fact, since the glucose supply is insufficient, the ketone bodies, which penetrate
the blood brain barrier, are the only relevant alternative brain fuel source. Most of
the clinical cases of epilepsy and GLUT1-DS reported in the literature reveal an
important gap between the clinical onset and the time of diagnosis of the
syndrome. The most important factor for predictive outcome is age at diagno-
sis because the effectiveness of the diet decreases when it is started in late
childhood (33, 35, 41, 42).

There is no contraindication for breastfeeding during ketogenic diet. Although
breast milk is high in sugar (6.9-7.2 g/dl), several studies have shown that keto-
genic diet can be started safely and effectively in infants while continuing to
breastfeed, and infants can achieve and maintain ketosis in a similar way to non-
breastfed babies (43). Nowadays, most researchers recommend following moth-
ers’ wishes to include breast milk and combining breast milk with a highly
specialized ketogenic formula based on the calculated carbohydrate in breastmilk
(43). Ketogenic diet also plays an important role in the homeostasis of the intesti-
nal microbiome: ketone bodies selectively inhibit the growth of bifidobacteria and
the reduction of intestinal proinflammatory Th17 cell levels, the imbalance of
which has recently been found in children with intractable epilepsy (41). In this
respect, the positive effect on the immune system resulting from breastfeeding
and ketogenic diet seems to go beyond the “pH-mediated” metabolic reduction
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of the seizure threshold, opening the horizon for new anti-inflammatory effects on
nerve cells. In addition, it has been reported that metabolic disorders such as
insulin resistance, metabolic syndrome, and obesity may be risk factors for
epilepsy in children (38, 41, 42). In the light of these evidence, ketogenic diet
represents a valid strategy in the treatment of epilepsy on two fronts: controlling
body weight and related disorders via regulating metabolic profile, and the
production of ketone bodies modulating brain transmission. However, further
studies are needed to clarify the molecular mechanism behind the beneficial effect
of ketogenic diet on epilepsy.

COW'’S MILK ALLERGY AND EPILEPTIC EVENTS

Some researchers suggest that peripheral inflammation of the gastrointestinal (GI)
tract could trigger the GI immune system and cause disruption of the blood brain
barrier (44, 45). In particular, food allergen-mediated activation of local antigen-
presenting cells could cause a shift toward Type-II helper T-lymphocytes (Th2)
and subsequent secretion of pro-inflammatory cytokines. These pro-inflammatory
agents can cross the blood brain barrier thereby sustaining CNS inflammation and
triggering seizures. Abnormalities in the expression of cytokines and immune
cells have been observed both in patients with epilepsy and in animal models
(46, 47). Cow’s milk proteins may trigger inflammation of infants GI tract. At a
very young age, seizures may be the first clinical manifestation of cow’s milk
allergy. In this regard, literature supports the fragility of the CNS to seizure
susceptibility in children <12 months of age (44). Indeed, the occurrence of
simple febrile seizures in this age group has been associated with a statistically
significant increase in the risk of subsequent epilepsy (48, 49). Moreover, the
vulnerability of the blood brain barrier in very early childhood is a predisposing
factor for the abnormal development of the CNS, and severe and complex epilep-
tic syndromes (50). Therefore, as a therapeutic strategy to improve the treatment
efficacy of neurologic disorders, food allergy must be considered. In clinical cases
of epilepsy in which a food allergy is diagnosed, exclusion of certain foods can be
prescribed. For example, cow milk-free diet resulted in complete clinical and elec-
troencephalography remission with no side effects in epileptic children who were
allergic to cow’s milk (51). In newborns, however, milk fulfils nutritional needs
and ensures healthy growth and development by delivering macronutrients as
well as numerous bioactive compounds and interactive elements. Therefore, a
conservative approach with respect to the milk diet of infants is the evaluation of
the proteome composition of alternative milks to cow’s milk for their potential
contribution of elements capable of mucosal immune diseases.

Extensive investigation of goat milk revealed the presence of a high number of
alleles at the four casein loci; the knowledge of milk protein genetic variants is
more fragmentary in ovine species and is mainly oriented to asl-CN and B-LG
loci, giving less conclusive results than in goats (52). The casein polymorphism is
associated with different casein synthesis levels in goat milk (distinguishing
strong, medium, weak, and null alleles) and different rates of phosphorylation of
the peptide chain (53, 54). In goat milk, it is suggested that animals with weak or
null alleles, especially for CSN1S2 and CSN1S1, could be used in breeding
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programs aimed at producing milk with hypoallergenic properties (53, 55).
The role of milk from alternative species to bovine, and their protein fractions on
the immune status of infants with epilepsy, has been investigated to highlight
different responses both at milk source and milk protein fraction using peripheral
blood mononuclear cells (PBMC) from young epileptic patients (52, 56). The
lyophilized pasteurized bovine, caprine, and ovine bulk milks and the milk pro-
tein fractions [aS1-casein (CN), aS2-CN, k-CN, B-CN, and a mix of a-lactalbumin
(a-LA) and B-lactoglobulin (3-LG)| were incubated with PBMC from control chil-
dren and children with generalized epilepsy to monitor the pro- and anti-
inflammatory cytokines and oxidative status. This approach is because of the
presence of numerous polymorphic forms known for milk proteins that generate
different epitopes able to mediate inflammatory and allergic responses in patients
with food allergy. Though the genetic polymorphisms of milk proteins are of
importance as they are associated with quantitative and qualitative parameters of
milk, they also play an important role in eliciting different degrees of allergic
reaction (57).

Due to poor data on cytokine threshold levels in healthy and epileptic children,
the authors (52, 56) adopted a classification criterion based on the level of the
monitored cytokines. The levels of cytokines found in controls are used as a
threshold level to group the response of infants with epilepsy: (i) children with
epilepsy having low levels of cytokines not different from those of control chil-
dren; (ii) children with epilepsy having cytokine levels at least 5-fold higher than
those of control children; and (iii) children with epilepsy having cytokine levels at
least 10-fold higher than those of control children. Albenzio et al. (52) found that:
(i) the levels of tumor necrosis factor-a (TNF-a) detected in cultured PBMCs in
presence of caprine milk were lower than bovine and ovine milk; (ii) whey protein
fraction induced lower level of TNF-a secretion than casein fractions; and
(ili) within milking species, caprine whey protein fraction showed lower levels of
TNF-a. The ability of PBMC to secrete cytokines in response to milk and protein
fraction stimulation may be a predictor of the secretion of soluble factor TNF-a in
the bloodstream of challenged patients. In the same experiment, the authors
found that the amount of 1L-6 after treatment of PBMCs with cow, ovine, and
caprine milk were lower than other pro-inflammatory cytokines probably because
this cytokine is not a reliable marker of epilepsy in the bloodstream.

Due to its higher oxygen consumption rate and high level of polyunsatu-
rated fatty acids, the brain is vulnerable to oxidative stress. Brain possesses a
relatively weaker antioxidant defense system so that brain injuries caused by
oxidative stress play a significant role in the pathogenesis of many cerebral
disorders, including stroke, migraine, dementia, and epilepsy (58). It has been
reported that oxidative damage occurring during epileptogenesis contributes
to acute injury-induced neuronal damage leading to detrimental effects on
areas of the brain that control learning and memory functions (59). Excess
ROS is increasingly recognized as a key factor in seizure-induced neuronal
damage (60). Albenzio et al. (52) found that levels of ROS and reactive nitro-
gen species (RNS) detected in PBMCs were higher in bovine and ovine milk
than caprine milk, and the highest levels of ROS/RNS were found after incuba-
tion of PBMC with the B-CN fraction of bovine milk. Taken together, these
data further support the use of antioxidants as adjunct to antiepileptic drugs
to improve seizure control.
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CONCLUSION

In this chapter, the role of the gut-brain axis, ketogenic diet, and cow’s milk allergy
on epilepsy, particularly in childhood, is presented. Due to the crucial role of diet in
regulating the inflammatory status and intestinal microbiota composition, nutritional
strategies have gained interest in epilepsy. Ketogenic diet can be considered a valid
therapeutic strategy to treat children with intractable epilepsy, reducing inflamma-
tion at intestinal level, and preserving the homeostasis of the intestinal microbiome.
Milk and dairy products represent fundamental foods in early stages of life, and can
reduce inflammation; however, they can also exert a pro-inflammatory activity in
subjects allergic to bovine milk. Alternative milk formula for infants needs to be
further explored as well as hypoallergenic milk sources.
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