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Abstract

Introduction and state of the knowledge: The origin of neuroinflammation in autism
spectrum disorder (ASD) remains unknown. The presence of immunological dysregulation in
ASD is observed as abnormalities in lymphocytes subpopulations and alterations in pro-
inflammatory cytokines' levels. Also kynurenine and histaminergic pathways are dysregulated,
causing additional changes in the brain's structure and physiology. Inflammatory status
include intestines as well the gut microbiota present characteristic features in ASD.

Materials and methods: The literature search was done using PubMed database up, focusing
on the newest knowledge concerning ASD.

Aim: The aim of this review is to summarise the newest knowledge about molecular basis of
neuroinflammation in ASD, to distinguish target molecules, that can predict autism's onset
and to find dietary solutions, that can alleviate autistic behavioral features by tackling
histaminergic and tryptophan pathways.

Conclusion: Concerning chronic inflammatory state's presence in ASD, exact target
molecules' levels can be checked in order to proove changes in immune system. To allieviate
symptoms such as social cognition, meditherian diet, probiotics, magnesium, B vitamins and
physical excercises are highly recommended.
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Introduction

ASD is a group of neurodevelopmental disorders that becomes more prevalent — especially in
developed countries [1]. Impairments in social functioning are the most popular features that
people are aware of. Recent research shows an alterations in cytokines' levels, which leads to
the concept of inflammation in ASD, which causes brain's structural changes via gut
microbiota [2-3].

It is estimated that one in 70 boys and one in 310 girls are estimated to suffer from ASD (5).
However, Loomes R et al claim that the number of men to the number of women is 3:1. It is
generally believed that it is 4:1, so as a consequence of this girls who fit the ASD criteria are
more likely to not get a professional diagnosis [4].

The etiology of ASD is still not fully known [1]. Nevertheless, one of the main factors in the
development of ASD are genetics factors [5]. Findings from research indicate that ASD
frequently has mitochondrial abnormalities and that autism was associated with several genes
[6-7]. Furthermore, it is affirmed that with fragile X syndrome autism is more prevalent [8].
So far researchers did not find any association between neonatal jaundice, and ASD [9].
Nonetheless, other studies claim that genetics factors are the explanation for just 10% of ASD
cases, and some copy number variants appear also in the control group but in a reduced
occurrence [10].

Environmental and nutritional factors appear to be just as important [1]. Prenatal stress,
gestational diabetes, maternal mental illnesses, and prenatal exposure to air pollution,
pesticides are among the many factors that increase the likelihood of developing ASD.
However, studies suggest that the parents' ages, particularly the father's, are a significant risk
factor [5]. Due to Wu S et al research, an increased risk of autism occurs when the parental
age is high. Studies claim that the adjusted Odds ratios were 1.41 (95% CI 1.29-1.55) for the
mother and 1.55 (95% CI 1.39-1.73) for the father. Moreover, the risk of ASD is increasing
even by 18% and 21% when the parental age is increasing by additional 10 years [11].

ASD is considered a chronic condition. It typically first manifests throughout early infancy
(3-5 years) [11]. Some of the warning signs are language delay, avoiding eye contact,
difficulty expressing emotions, and lack of response to one's name. As a consequence of
reaching adulthood, some symptoms, such as abilities in communicating, can become better,
but intellectual capacity doesn’t often alter over time [12-13].

There is a triad of features that are linked with ASD. That are irregularity in social
development, fixed and strict behavioral patterns, and problems with communication [12].
Some characteristic things about autistic people are that they take words literally, do not
understand e.g.idioms, do not like to change their routines, tend to repeat mechanically
phrases, and show an intense interest in a narrow field of knowledge [13]. Individuals with
ASD exhibit highly varying levels of severity in their symptoms; therefore autism is unique to
each person [14].



Pennisi P et al found that in the creative profile of ASD individuals there are some features on
a very high level such as detail and originality. Moreover, person with ASD have a higher
level of detail than people in control groups. ASD subjects express their originality during
linguistic tests as a consequence of the association between creative output and linguistic
abilities. However, people with ASD are poor in fluidity and adaptability [15].

Findings from research affirm that autism is a primary contributor to disability in the world.
ASD in 100 000 population is responsible for over 58 disability-adjusted life years (DALY)
[16]. Moreover, medical comorbidities are frequently present in autistic people [5]. Studies
claim that they can more often suffer from neurological issues like epilepsy and cerebral palsy
[17-18].

Autism is diagnosed in four years old children on average [5]. That is why an early diagnosis
of ASD is crucial for improving their quality of life and lowering lasting costs which are
associated with treatments [19]. Notwithstanding, sometimes the diagnosis is inexact due to
conventional techniques which include behavioral assessment of autistic people and making
conversations with them [20].

Modified Checklist for Autism in Toddlers (M-CHAT) is an example of a screening tool used
for assessing the risk of developing ASD in a child. However, some studies imply that present
screening techniques can probably not detect every ASD child [21]. That is why other
scientists recommend starting screening when children are just 12 months old [22]. Currently,
the recommended age range is from 16 to 30 months of age [21]. Recent studies suggest that
EEG could be used as an initial biosignature for ASD detection [23]. Besides, Pan PY et al
claim that those diagnosed in early infancy with neurological disorders have more risk of
following autism [24]. Investigations towards getting to know more about etiology of ASD,
are significant for improving treatment and prevention of this disorder [12].

Aim

The aim of this research was to find possible solutions to allieviate behavioral symptoms by
targeting exact molecules and states present in ASD people. The focus was to tackle gut
microbiota by dietary habits and excercises.

Materials and methods
Research part was done using PubMed database, focusing on the newest articles concerning
microbiota, diet, allergy, immunological system and ASD.

Results

The origin of neuroinflammation

Chronic CNS inflammation is a hypothesis gaining popularity in ASD pathology [2, 25-26].
Inflammatory changes correlate with immune dysfunction [2]. Other hypotheses possible in
order to distinguish neuroinflammation's origin are: dysregulation of the immune system in
the mother during pregnancy, matarnal viral infections during pregnancy, but also
overnutrition, maternal stress or psychiatric disorders [2,27]. Another theory concerns the gut-
brain axis meaning the central nervous system (CNS) communication with the gastrointestinal
tract via the microbiota. This system involves the vagus nerve, the gastrointestinal tract, the
immune system, the action of the microbiota and metabolites. Genetic and environmental
factors that can alter the composition of the normal gut microbiota predispose to ASD.
Confirmation of this theory comes from studies showing that half of ASD patients present



gastrointestinal problems with disrupted gut microbiota. Additionally, gut bacteria modulate,
through NLRP3 signaling, inflammatory pathways, which in turn contribute to affecting brain
homeostasis. Disruption in the composition of the gut microbiota modulates the immune
system and alters blood-brain barrier function [2, 28-29]. Abnormalities in the blood-brain
barrier (BBB), including diffusion and cellular transport, may also influence ASD formation
[30]. The role of the endocannabinoid system as a major neuromodulatory system involved in
regulating emotional responses and cognitive states in ASD pathology is under investigation.
Reduced expression of CBI1 receptors has been observed in post-mortem studies of
individuals with ASD [2].

Structural and functional changes in the brain

Neuroinflammation is a process involving neurons, microglia and macroglia. It is a condition
that characterizes many neurodegenerative diseases. Individuals with ASD show signs of
altered inflammatory responses, and post mortem studies have documented
neuroinflammation in a clique of brain regions - both in the cortex, hippocampus, brainstem
and cerebellum. As Li D et al claim that ASD individuals have a greater total volume of white
matter and grey matter, but as a consequence of greater volume, their density is decreasing.
These differences are most visible in the precentral regions’ frontal and temporal lobes.
Furthermore, cerebellum and subcortical brain regions like the amygdala or hippocampus also
show a volume increase [31]. Neuroinflammation consists of an increase in the reactivity of
microglia and astrocyte cells, activation of NO synthase (i-NOS), an increase in the release of
cytokines and chemokines [2, 26-27, 32-33]. There are several indicative biomarkers of brain
inflammation including: activation of microglia and astrocytes, pro-inflammatory cytokines,
activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB). The
overlapping factors can exacerbate brain inflammation, making it worse [26].

Microglia is a type of glial cell, a macrophage, in addition, it is the primary form of immune
defence in the CNS. In the initial phase of activation, it is a pro-inflammatory cell that
destroys altered cells or altered proteins, and then changes into an anti-inflammatory cell to
repair the resulting damage [26, 34]. In healthy brain tissue, it exists in a resting state, and its
shape is described as branched. When it becomes activated it becomes amoeboid due to the
processes of phagocytosis of cellular debris and antigens. In patients with ASD, an active
form of microglia is observed particularly in the frontal and visual cortex, dorsolateral
prefrontal cortex, as well as an increase in the density of microglia cells in the gray matter and
an increased volume of microglia soma in the white matter and cerebellum. Activated glial
cells secrete pro-inflammatory cytokines such as IL-1f, IL-6 and TNF-a. These cytokines can
be toxic to neurons and oligodendrocytes in particular [27, 35]. Excessive activation of glial
cells causes inflammation in the brain, which in turn can lead to impaired plasticity of
synapses, as well as their degeneration [2, 34-36].

Astrocytes are the main regulators of inflammation in the CNS. In individuals with ASD, they
are over-activated, additionally causing increased expression of glial fibrillary acidic protein
(GFAP), which is three times higher in children with ASD compared to controls [26].

Immunological system

Pro-inflammatory cytokines (TNF-alpha, such as IL-1f, IL-6, IL-17, IL-12p40 and IL-12p70,
granulocyte-macrophage colony-stimulating factor), Thl cytokine (interferon gamma) and
chemokine (I1-8) are elevated in individuals with ASD. Higher levels of IL-12p40 were found



in those with mild disease severity, while elevated TNF- o was found in patients with
moderate ASD [2, 26]. 11-6 levels were increased in the frontal cortex and cerebellum of
individuals with ASD. Plasma cytokine levels also correlated with ASD symptom severity,
meaning that cytokine levels were associated with more impaired communication and
aberrant behavior [27].

Nuclear factor Kappa-Light-Chain-Enhancer of activated B cells (NF-xB) is a transcription
factor that promotes the expression of inflammatory mediator genes. It mediates the
regulation of the cellular immune response by promoting the expression of inflammatory
cytokines and chemokines. It also regulates the feedback response that can produce a chronic
inflammatory response. Activation of this factor induces production of cytokines,
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (i-NOS) [26].

Markers of inflammation

Changes in lymphocytes subpopulations and accelerated levels of pro-inflammatory cytokines
are proofs for immunological dysregulation's presence. C-reactive protein, known as an agent,
which level rises in response to inflammation, ameliorates abnormally in people with ASD
[37-38]. Spotted changes in lymphocytes subpopulations have been observed within
regulatory T cells and Th17 — which levels are accordingly lower and higher in people with
ASD in comparison to healthy ones [3]. Insufficient level of Tregs is common in allergy,
which occur more often in people with ASD [39-41]. It leads also to lowering TGF-beta 1
level, which shows abnormalities in cytokine's profile. Except for TGF, lower levels of anti-
inflammatory cytokines (IL-1Ra, IL-10 and TGF-betal) [42-43], higher concentrations of
pro-inflammatory cytokines (IL-1beta, IL-6, IL-8, MCP-1, IFN-gamma, TNF-alpha) and
ameliorated oxidative stress markers are spotted as well [44-45].

Tryptophan and dietary changes

Decreased Tregs' level is caused by indoleamine 2,3- dioxygenase (IDO) — an enzyme, which
catalyses tryptophan (Trp) conversion into kynureines. Its altered activity is connected not
only with pathologies including neoplasia and autoimmune responses, but also ASD [46-47].
Pro-inflammatory molecules activate IDO-1 enzyme in microglia [48-49]. Kynureine pathway
metabolites' levels are dysregulated in ASD: kynurenic acid and Trp levels are lowered, while
KYN/KA ratio is higher in comparison to healthy subjects [50-52]. Metabolites of kynureine
pathway (KP) due to their neuroactivity are considered as key factors causing
neuroinflammation [53].

Trp is known as the one of the most crucial neuromodulators between gut and brain [54].
Findings suggest an impairment in tryptophan metabolism, which consists of two pathways
involving strenghtened KP and less active metoxy-indoles pathway — which in normal
conditions leads to cerebral's serotonine's and melatonine's production [55]. Serototine is
involved in forebrain's development, which structural abnormalities are one of the most
consistent anatomical findings reported in ASD [56]. Lowered central serotonin's level
associates with increased aggression and excistence of repetitive behaviours [57]. Melatonin
prevents iNOS activation and reduces levels of PGE2 [58]. Tryptophan is transported via
blood-brain barrier by a competitive transport cannal - common for large neutral amino acids
and Trp [59]. Temporary hypoxia and changed blood flow in cerebral's vessels has an impact
on tryptophan's uptake rates [51]. Trp level is decreased, as well as their utilization as an
energy source in ASD [50, 52, 60-64]. Evidence shows that certain dietary products can rise



Trp's level such as probiotics, magnesium, B vitamins and meditherian diet, which causes
improvement in social cognition [63,65-69]. Tryptophan depletion excerbates ASD symptoms
— especially worsening of behavioral ones are spotted [70-71].

The role of glutathione in ASD is still being studied. Glutathione is involved in maintaining
intracellular redox balance. In ASD, low levels of reduced glutathione and high levels of
oxidized glutathione are observed. In addition, abnormalities in the expression of glutathione-
related enzymes are noted. Modulation of glutathione is associated with regulation of the
redox-sensitive transcription factors nuclear factor kappa B (NF-«B) and activator protein 1
(AP-1), as well as signaling of pro-inflammatory cytokines and inducible enzymes), thus
providing an important influence on neuroinflammation [72].

Histaminergic pathway
Altered histaminergic and cholinergic neurotransmission plays a key role in the behavioral
phenotype associated with ASD [33].

Histamine acts (HA) by binding to histamine receptors (HR), which are G-protein-coupled
receptors known to be HIR-H4R receptors. Activation of the HIR and H2R receptor
facilitates the formation of free excitatory postsynaptic potentials. On the other hand, the H3R
receptor negatively regulates the synthesis and release of HA - it acts as an auto-receptor
controlling the biosynthesis and release of high-affinity histamine or, as a heteroreceptor
modulating the release of other brain transmitters including acetylcholine (ACh), dopamine
(DA), y-aminobutyric acid (GABA), glutamate (Glu), serotonin (5-HT) [73-74]. The
aforementioned transmitters play a key role in early brain development, but are also likely
involved in the onset and progression of ASD [75]. H3R receptor antagonists/inverse agonists
improve cognitive skills functioning [73].

The brain histaminergic system (HS) is involved in sleep, wakefulness, cognitive function,
sensorimotor function, motor function, and maintenance of homeostasis-both energy and
hormonal [76-77].

Histamine is a neurotransmitter, but also an immune modulator. Abnormalities in the
histamine pathway result in susceptibility to inflammatory changes due to dysregulation of the
neuroimmune response [77].

Reduced histaminergic neurotransmission results in repetitive and tic stereotypy [36]. The
most relevant genes for the histamine system are HDC, HNMT (the enzyme responsible for
HA metabolism), HRH1, HRH2, HRH3 and HRH4. In a study by Wright C. et al. the
expression of HNMT, HRH1, HRH2 and HRH3 genes was significantly altered [36,75].

In patients with ASD, abnormalities are observed in the cholinergic system of the brain,
especially in the cholinergic nucleus of the basal forebrain, These changes mainly affected the
structure and number of neurons. In addition, a deficiency of choline, which is a precursor
molecule for the formation of acetylcholine, and nicotinic cholinergic receptor (nAChR)
agonist is observed. Changes in nAChR have also been observed in the thalamus and
cerebellum of ASD patients, with the most important change being a decrease in the number
of M1 muscarinic receptors [76]. Patients with ASD also show increased quinolinic acid
secretion, which increases gluataminergic neurotransmission. This may be due to a 16p11.2
mutation leading to abnormal gluataminergic activity associated with ASD pathogenesis [78].



Physical activity in ASD rehabilitation

An interesting factor regarding ASD is physical activity. Huang J et al claim that physical
activity is advantageous for individuals with autism, especially in factors such as motor, and
social abilities and it is also helpful in decreasing the severity of autism symptoms in children
with ASD. The valuable effect of physical activity is also shown in the advancement of social
and communication skills in autistic teenagers [79]. Other studies show that physical activity
is beneficial in lowering the count of occurrence of typical conduct in children with autism
[80].

Conclusions

ASD is no longer a group of mysterious symptoms — more and more informations about
molecular basis in ASD pathogenesis is already known. Presence of immunological
dysregulation, changes in the gut microbiota and crucial pathways concerning tryptophan and
histaminergic cycles leads us to wider understanding ways, how one can tackle certain
molecules in order to allieviate ASD's symptoms. Yet, there is a lot to check to understand
ASD's origin and prevent its onset as early as possible. Certain dietary habits and
implementing physical excercises into everyday life may allieviate symptoms by lowering
immunological inflammation present in ASD.
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