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ASSESSMENT OF MARKERS OF INFLAMMATION AND NEURONAL DAMAGE
IN PATIENTS WITH AUTISM SPECTRUM DISORDERS ASSOCIATED WITH
GENETIC DEFICIENCY OF THE FOLATE CYCLE

JUSTIFICATION

Autism spectrum disorders (ASD) currently occur in at least 1 % of children in the modern population,
and the trend towards an increase in the frequency of this psychiatric pathology among the pediatric
population continues [6]. Although mare than 100 genetic causes of the ASD phenotype in children have
been proposed, most of them are rare and do not significantly affect either the high prevalence of the
disease or the trend towards an increase in the frequency of these disorders in the population. Genetic
deficiency of the folate cycle (GDFC)is a fairly common pathology of the human genome, which may explain
the current epidemiological features of ASD. The evidence base for the association of GDFC and ASD in
children is based on the results of 5 meta-analyses of randomized controlled clinical trials conducted
from 2013 to 2020 and covering the results of 8 to 25 trials involving 1361 to more than 3000 children
with ASD and 6591 to 7257 healthy children [13, 17, 20, 21, 22]. It has been established that GDFC leads
to the development of a number of pathological biochemical changes in the body [14, 25, 26], including
hyperhomocysteinemia [11], which predispose to the development of oxidative stress [6, 8]. The results
of a meta-analysis of randomized controlled clinical trials by Guo B.0. et al. 2020, which included 31 trials
involving 3304 children, including 1641 patients with ASD without specifying the genetic nature of the
disease, demonstrated that hyperhomocysteinemia is closely associated with ASD in children, being a
typical feature of this heterogeneous cohort of patients as a whole (Hedges's g = 0.56; 95 % CI = 0.36-0.76,
P <0.001)[11]. Since hyperhomocysteinemia is a specific biochemical phenomenon for GDFC, the results of
this meta-analysis indicate that GDFC, among other genetic abnormalities, is currently the leading factor
in the genetic predisposition to the development of ASD in children. The evidence for the development of
oxidative stress with an excess of prooxidant and a deficiency of antioxidant molecules in ASD is based
on the results of two meta-analyses and systematic reviews of randomized controlled clinical trials,
covering 87 trials involving 9109 patients [6, 8]. It is the pathological changes in the biochemical profile
and the associated oxidative stress that are considered to be the cause of impaired immune system
development in children with ASD associated with GDFC [16, 19]. Such patients develop a special form of
immunodeficiency [1], which leads to the development of a number of immune-dependent complications,
in particular encephalopathy, which, in fact, leads to the clinical picture of ASD[3], an infectious syndrome
with a predominance of intracellular opportunistic and conditionally pathogenic microbes [4, 18], an
immunoinflammatory syndrome, including persistent immune-mediated enterocolitis [10, 24], an allergic
syndrome [12], an autoimmune syndrome [5, 9], and an increased tendency to develop neoplasia [7].
Actually, encephalopathy in GDFC, in addition to the direct metabolic mechanism of development,
mediated, in particular, by the neurotoxic effect of homocysteine [3], is mostly due to the influence of
immune-dependent mechanisms - infectious factors [4, 18], autoimmune reactions to neurons and myelin
of the cerebral hemispheres [5, 9], systemic/intracerebral inflammation [15, 23].
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Evidence for the development of a persistent systemic inflammatory response in children with ASD is
based on the results of 2 meta-analyses of randomized controlled clinical trials. In particular, data from the
first systematic review and meta-analysis of randomized controlled clinical trials show increased serum
concentrations of the pro-inflammatory mediators interleukin-Theta (IL-1beta) (p < 0.001), interleukin-6 (IL-6)
(p=0.03), interleukin-8 (p = 0.04), interferon-gamma (IFN-gamma) (p = 0.02), eotaxin (p = 0.01), and monocyte
chemotactic factor 1(p < 0.05) and decreased levels of the anti-inflammatory cytokine transforming growth
factor beta 1(p <0.001)in children with ASD (n = 743) compared to healthy subjects (n =592) [15]. The results
of a meta-analysis of randomized controlled clinical trials prepared by Saghazadeh A. et al., which includes 38
trials involving 2487 children, show a significant increase in serum concentrations of tumor necrosis factor
alpha (TNF-alpha), IFN-gamma, IL-1beta, and IL-6 in children with ASD compared to healthy individuals [23].

[tisimportant to further study the indicators of systemic inflammation in children with ASD to determine
the most informative biomarkers of inflammation intensity that could be useful for clinical practice. The
clinical significance of the phenomenon of persistent systemic inflammation in children with ASD needs to
be clarified. It is advisable to study the relationship between increased serum concentrations of certain pro-
inflammatory mediators and indicators of neuronal damage, which would provide additional evidence of the
contribution of systemic inflammation to the development of encephalopathy and would allow us to propose
new pharmacological methods of neuroprotection in children with ASD associated with GDFC for testing.

The aim of the research: to study serum concentrations of typical pro-inflammatory mediators
TNF-alpha, IL-6, and tumor M2 pyruvate kinase (TM2PK) in children with ASD associated with GDFC, with
clarification of their relationship with serum concentrations of marker molecules of CNS neuronal damage
neuron-specific enolase (NSE) and S-100 protein to expand scientific ideas about the influence of the
systemic inflammatory response on the development of encephalopathy in this pathology and to discover
new points of application of neuroprotective treatment.

Materials and methods. The medical data of 225 children aged 2 to 9 years with GDFC, who were
diagnosed with ASD, were analyzed. All of them were patients of the specialized neuroimmunological
clinic Vivere (registration dossier dated 12/22/2018 No. 10/2212-M). Data for the study and processing of
the material were carried out in accordance with contract No. 150221 dated 02/15/2021, and the conclusion
of the bioethical examination commission (protocol No. 140 dated 12/21/2020 of the Bogomolets National
Medical University). The clinical diagnosis of ASD was made by child psychiatrists according to the
criteria of DSM-IV-TR (Diagnostic and Statistical Manual of mental disorders) and ICD-10 (The International
Statistical Classification of Diseases and Related Health Problems). Pathogenic polymorphic variants of
folate cycle genes were determined by PCR based on the detection of the nucleotide substitution MTHFR
C677T in monoform, as well as - in combination with other nucleotide substitutions - MTHFR A1298C, MTRR
AB6G and/or MTR A27566 (111 individuals). These individuals constituted the study group (SG). The control
group (CG)included 51 children (37 boys and 14 girls) of similar age distribution who did not suffer from GDFC.

In patients of both observation groups, the results of the study of serum concentrations of three typical
pro-inflammatory mediators characterizing the intensity of systemic inflammation in the human body were
analyzed, in particular - TNF-alpha (N up to 8.1 pg/ml), IL-6 (N up to 7 pg/ml) and TM2PC (N up to 20 U/ml). In
parallel, in both observation groups, the data from measuring the concentration in the blood serum of two
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characteristic indicators of neuronal damage were evaluated, namely - NSE (N up to 16.5 ng/ml) and S-100
protein (N up to 0.105 pg/l). At the time of laboratory studies, patients of both observation groups were not
taking any medications that could affect the results of the tests.

Statistical processing of the obtained material was carried out by comparative and structural analyses.
To determine the probability of differences between the studied laboratory parameters in the observation
groups, the parametric Student's T-test with the confidence probability indicator p and the non-parametric
criterion - the number of signs Z according to Urbach V.Yu. Differences were considered probable at
p<0.05 and Z<Z, . To study the associations between indicators of systemic inflammation and indicators
of damage to CNS neurons, the odds ratio (OR) and 95 % confidence interval (35 % CI) were used. For the
purpose of statistical calculations, Microsoft Excel was used.

This clinical study was performed as a fragment of research work commissioned by the Ministry of
Health of Ukraine (state registration number 0121U107940).

Research results and their discussion. The structural analysis of the results of the study of laboratory
indicators of systemic inflammation in the observation groups demonstrates that the most frequent
disorder detected was an increase in the serum concentration of the pro-inflammatory mediator TM2PK,
which was noted in 193 of 225 SG patients (86 %) and only in 11 of 51 CG children (22 % of cases). The serum
concentration of the pro-inflammatory cytokine TNF-alpha was high in 139 of 225 SG children (62 %) and
only in 7 of 51 CG children (14 % of cases). The serum concentration of another pro-inflammatory cytokine
IL-6 was elevated in 69 of 225 SG children (31 %) and only in 3 of 51 CG children (6 % of cases) (Fig. 6.1).

The data from the comparative analyses indicate that there was a significant difference in the studied
indicators of systemic inflammation in the observation groups due to a significantly greater proportion of
increased serum concentrations of all three studied laboratory indicators of systemic inflammation amaong
children with ASD associated with GDFC, compared with healthy children in the control group (p<0,05; Z<Z,,).

100%
86%
80%
62%
60%
40% 31%
22%
20% 14%
6%
0%
TM2MK OHM-anbda 1N-6
B mKr

QO Fig. 6.1. Results of studying the structure of SG (n = 225) and CG (n = 51)in cases of elevated serum
concentrations of the studied pro-inflammatory mediators
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TM2PK was the most representative biomarker of systemic inflammation in the CG, since an increase
in the serum concentration of this pro-inflammatory mediator was noted in almost all patients. However, a
relatively large number of false-positive results (22 % of cases among healthy children) somewhat reduces
the informativeness of this indicator in assessing the intensity of systemic inflammation in children with
ASD associated with GDFC. Prabably, in controversial cases, this indicator should be taken into account
only with additional confirmation of the results of studying other indicators of inflammation with a smaller
number of false-positive results. The concentration of TNF-alpha was increased in mast children in the CG,
but the number of positive results was almost a third less than in TM2PK. The small number of false-positive
results (14 %) allows us to consider TNF-alpha as an informative indicator of the inflammatory reaction,
which, however, does not characterize the group as a whole due to a relatively large number of negative
results (38 % of cases). Serum IL-6 concentration was elevated only in one third of cases among children of
the CG, which does not allow us to consider this biomarker representative of all patients with ASD associated
with GDFC, for whom the development of persistent systemic inflammation in the body is characteristic.
However, the smallest number of pseudo-negative results of this indicator allows us to consider it the most
reliable among other indicators studied in this study. In particular, serum concentrations of TNF-alpha and
IL-6 can be used to verify the results of measuring the concentration of TM2PC, for which pseudo-positive
results are characteristic in every fifth patient.

The mean serum concentration of TM2PC in SG was high and equaled 63.1+3.74 U/ml, significantly
exceeding the similar indicator in CG (23.2+0.91 U/ml) (p<0.05; Z<Z,,) (Fig. 6.2). The level of the mean
serum concentration of TM2PC exceeded the upper limit of reference values three times, which indicates a
large range of fluctuation of its measurement results. In contrast, the mean concentration of TNF-alpha in
SG was 13.7+0.65 pg/ml, only 60 % exceeding the upper limit of the normal range, demonstrating a smaller
range of fluctuation of measurement results. Comparison with similar data from the CG (X = 5.3+0.38 pg/
ml) indicates a significant increase in serum TNF-alpha concentration in children with ASD associated with
GDFC compared to healthy children (p<0.05; Z<Z,). The average serum concentration of IL-6 in SG was
elevated and was 8.7+0.57 pg/ml, which was only 20 % higher than the upper reference level, indicating a
narrow range of fluctuation in the measurement results of this indicator. There was a significant difference
in this indicator in SG and CG (X = 3.6+0.27 pg/ml) (p<0.05; Z<Z, ) (Fig. 6.3). The greater the range of
fluctuation in the measurement results of the indicator, the easier it is for the clinician to assess the
intensity of inflammation and compare the results of studies in different patients. Therefore, TM2PC better
than TNF-alpha and IL-6 characterized the intensity of inflammation, due to the large range of fluctuation
of the results mare fully demonstrating the gradation of the intensity of the systemic inflammatory reaction
in different patients.

Thus, the mean serum concentrations of all three studied parameters were significantly increased
in the SG compared with the CG, indicating the presence of laboratory signs of systemic inflammation in
children with ASD assaciated with GDFC, and is consistent with the results of relevant meta-analyses of
randomized clinical trials [15, 23]. However, significant differences were noted both in the proportion of
cases with increased serum concentrations of a particular studied parameter, and in the levels of mean
serum concentrations and the range of fluctuation of measurement results for each indicator.
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TM2PC was the most sensitive and labile laboratory indicator of systemic inflammation among other
studied indicators in children with ASD associated with GDFC, which, however, had the lowest specificity,
giving false-positive results in at least every fifth patient. In contrast, IL-6 was the least sensitive and labile
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indicator of systemic inflammation in SG, which, however, was characterized by high specificity, giving
false-positive results only in every twentieth patient, i.e. at least 4 times less often than TM2PC. TNF-alpha
was characterized by average sensitivity and lability with a relatively small number of false-positive results,
therefore, this indicator among the three studied laboratory indicators can be considered the most informa-
tive for assessing the intensity of inflammation in children with ASD associated with GDFC. A comprehensive
analysis of the results of measuring all three studied indicators of systemic inflammation is important, since
each of them has certain advantages and disadvantages compared to the others.

The question of the clinical significance of systemic inflammation observed in children with ASD
associated with GDFC is fundamental. In particular, it is necessary to clarify the contribution of systemic
inflammation to the development of encephalopathy in such children and to find the most informative
biomarkers for assessing the inflammatory mechanism of cerebral damage. To do this, we analyzed the
associations of the studied indicators of systemic inflammation with serum concentrations of indicators of
CNS neuronal damage NSE and S-100 protein (Table 1). The choice of the latter is not accidental, since their
informativeness for assessing the severity of encephalopathy in children with ASD has been demonstrated
in relevant clinical studies. Zheng Z. et al. conducted a meta-analysis of randomized clinical trials to study
the informativeness of the use of serum concentrations of neurotropic calcium-dependent protein S-100
in children with ASD. The results of 10 trials involving 822 participants were analyzed. It has been shown
that the concentration of S-100 protein in serum is significantly higher in children with ASD compared to
healthy individuals and can be used as a biomarker of neuronal damage in such cases (standardized mean
difference (SMD)=0.97, 95 % Cl = 0.41-1.53; p < 0.001) [27]. Accordingly, Lv M.N. et al. conducted a specially
designed controlled clinical study involving 80 patients with ASD, demonstrating significantly increased
concentration of NSE in serum in children with this mental disorder compared to healthy individuals [14].

@ Table 6.1. Results of the association study (OR; 95 % Cl) of the studied indicators of systemic inflammation and
indicators of neuronal damage among SG patients (n = 225)

Indicator TM2PC TNF-alpha IL-6
NSE 6,667; 1,668- 26,639 1,667; 2,064- 65,945 26,667; 1,843- 385,793
S-100 protein 7570;1,888- 30,351 10,000; 1,784~ 56,060 15,200; 1,157- 199,642

As can be seen from the data in Table 6.1, all three studied indicators of systemic inflammation are
associated with an increase in serum concentrations of laboratory indicators of neuronal damage NSE and
protein S-100, which indicates a connection between the systemic inflammatory response and the develop-
ment of encephalopathy in children with ASD associated with GDFC. The determination of increased serum
concentrations of the studied indicators of systemic inflammation in the results of laboratory examinations
of the patient sharply and reliably increases the risk of identifying high levels in the blood serum of such
markers of CNS neuronal damage as NSE and protein S-100, which can be used in clinical practice when
planning and organizing paraclinical examinations of the patient.
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The strongest association was found for IL-6 and markers of neuronal damage, but the clinical appli-
cation of this phenomenon may be limited by the low sensitivity of serum IL-6 concentration as an indicator
of systemic inflammatory response in the defined group of patients. TM2PK demonstrated the weakest
association with serum NSE and S-100 protein concentrations among the other studied indicators, which
can be explained by the relatively large number of false-positive results when measuring this laboratory
indicator. TNF-alpha occupied an average position in terms of the closeness of association with indicators
of neuronal damage compared to TM2PK and IL-6. In general, the rule was true: the more specific the labo-
ratory indicator was in assessing the intensity of the systemic inflammatory response in children with ASD
associated with GDFC, the closer the assaciation it demonstrated with the studied indicators of neuronal
damage and better characterized the neurotoxic effect of systemic inflammation on the brain of patients.

The data revealed in this study not only expand the current understanding of the development of sys-
temic inflammation and its impact on the formation of encephalopathy in children with ASD assaciated with
GDFC, but also open the way to testing new therapeutic anti-inflammatory strategies for neuroprotection by
targeting neutralizing pro-inflammatory molecules. The success of infliximab, a monoclonal antibody drug
to the TNF-alpha molecule, in children with ASD could prompt more decisive action to plan and implement
further dedicated clinical trials to study the efficacy and safety of modern anti-inflammatory treatment
approaches in children with ASD associated with GDFC.

Conclusions. In patients with ASD associated with GDFC, serum concentrations of proinflammatory
markers such as TM2PC, TNF-alpha, and IL-6 are elevated, indicating a state of systemic inflammation in
the body of these children. If we talk about the clinical significance of the studied indicators of systemic
inflammation, the latter differ significantly in sensitivity, lability, and specificity. TM2PC is the most sensitive
and labile indicator with a relatively large number of false-positive results, while TNF-alpha occupies an
intermediate position, and IL-6 is characterized by the lowest sensitivity and lability, but the highest
specificity. None of the studied indicators can be considered ideal for assessing the state of systemic
inflammation in children with ASD associated with GDFC, which implies the need for comprehensive data
analysis. All studied indicators of systemic inflammation are associated with an increase in serum levels of
neuronal damage indicators NSE and S-100 protein, which confirms the established notions about the role
of systemic inflammation in the induction of encephalopathy in children with ASD assaciated with GDFC,
and opens the way to testing new therapeutic strategies for anti-inflammatory neuroprotective therapy.
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