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Abstract: Background: Autism spectrum disorders (ASDs) comprise a neurodevelopmental
disease marked by impaired social communication and repetitive activities. An imbalance
between excitatory and inhibitory neurotransmitters, such as glutamate and GABA, may
play a significant function in ASDs. The neurophysiological process behind epilepsy is
abnormal neuronal excitatory firing in particular brain regions brought on by a lack of
GABAergic inhibition. The study of GABAergic dysfunction could explain the substantial
comorbidity with epilepsy or increased susceptibility to seizures observed in people with
autism. Objective: This study analyzes molecular indicators directly and indirectly related
to GABAergic inhibitory signaling in individuals with autism and healthy controls, with
the purpose of uncovering probable diagnoses. Methods: The study included 46 male
autistic participants and 26 age- and gender-matched healthy controls. Plasma levels of
two chloride co-transporters (KCC2, NKCC1), and vitamin D3 were evaluated using ELISA.
Results: Autistic individuals showed a significant drop in all three examined variables when
compared to healthy controls. Statistical methods such as correlation, combined receiver
operating characteristic (ROC) curve analysis, and multiple regression modeling were used
to assess the diagnostic value and interrelationships of these biomarkers. A significant
increase in the area under the curve was seen using the combined ROC curve analysis.
The combined variables also exhibited significantly higher sensitivity and specificity as an
index of high predictiveness values. Measurement of plasma levels of vitamin D status
and chloride co-transporters (KCC2, NKCC1) in children with ASD may help to better
understand how sleep disturbances and epilepsy as comorbidities of ASD linked to vitamin
D deficiency and peculiar inhibitory/excitatory effects of GABA.

Keywords: autism spectrum disorders; GABAergic inhibitory signaling; chloride co-
transporters; vitamin D; epilepsy; sleep disturbances

1. Introduction

Autism spectrum disorders (ASDs) are developmental disorders characterized by
communication difficulties, social impairments, and repetitive habits. Several clinical and
animal model studies of autism show excitatory/inhibitory E/I or glutamate/GABA im-
balances. Autism is associated with reduced gamma frequency oscillations, which are
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implicated in cognitive function [1,2]. While the mechanisms behind ASDs remain un-
known, it is thought that changes in neuronal development, such as an E/I imbalance, can
influence the development of emotional, memory, and sensory systems [3-5]. The potassium
chloride co-transporter 2 (KCC2) and sodium—potassium chloride co-transporter 1 (NKCC1)
cation—chloride co-transporters (CCCs) have recently been identified as potential targets for
neurological disorders management. Ideally, these targets could help alleviate symptoms of
multiple neurological disorders including Alzheimer’s, Parkinson’s, autism spectrum disorders
(ASDs) and others with comparable underlying disease mechanisms that impact the excita-
tory/inhibitory (E/I balance). These membrane proteins regulate the passage of Na*, C1~, and
K* across the plasma membrane. Ions migrate across the membrane by combining gradients of
Na*, K*, and CI™ [6]. GABA's primary role in the brain is synaptic inhibition, which is mediated
by GABAA receptors that are Cl™-permeable. The polarity of GABAA receptor signaling is
determined by the exact control of the two CCCs, KCC2 and NKCC1 [7,8].

It is interesting to report that mode of delivery plays a crucial role in the excitatory-to-
inhibitory shift in GABA transmission in rodents, as oxytocin release lowers [Cl~]i and has
analgesic and neuroprotective properties. Research has shown that the delivery mechanism
in a rodent model of ASD is linked to the change in GABA from excitatory to inhibitory.
Moreover, they discovered that a decrease in KCC2 expression and the ensuing rise in
[C17]i were the causes of depolarizing GABA activity [9]. Decreased KCC2 protein in CSF
and decreased KCC2/NKCC1 protein ratio was recorded in individuals with ASD [10].

There is a link between particular symptoms and seizures in individuals with ASD.
Turk et al. [11] discovered that a comorbid diagnosis of ASD and epilepsy resulted in more
severe social interaction impairments with peers and unusual eye contact. Those with
epilepsy were diagnosed with ASD later than those without epilepsy. Other studies have
found that increased frequency of epilepsy has been associated with an earlier age of ASD
diagnosis, higher rates of repetitive object use, and greater unusual sensory interests [12]. A
large-scale investigation by Viscidi et al. [13] revealed that children with ASD and epilepsy
showed considerably more maladaptive behaviors associated with ASD. This includes
lower scores in social cognition, communication, and motivation as compared to ASD
patients without epilepsy. Participants with epilepsy and ASD also exhibit increased levels
of self-injurious, obsessive, and repetitive behaviors. Finally, a meta-analysis of social
cognition in epilepsy and autism revealed that individuals with epilepsy and ASD had
higher rates of impaired facial recognition and theory of mind than controls [14].

Additionally, it was shown that the sleep-wake cycle was connected to the C1~ levels
in cortical pyramidal neurons [15,16]. C1~ levels rise throughout the cycle’s wake phase
while falling during the sleep phase [15]. Inhibitory synaptic transmission in the cortex
is linked to the rise in C1~ levels during wakefulness [17]. This could be related to sleep
disturbance in individuals with ASD [18].

Because of its extensive range of skeletal and extra-skeletal functions, vitamin D (VitD)
is an essential supplement for both healthy children and those suffering from chronic
disorders [19]. The Endocrine Society of America defined vitamin D deficiency in 2020 as
serum 25-OH-VitD concentration below 12 ng/mL, insufficiency levels between 12 and
20 ng/mL, and sufficiency levels above 20 ng/mL [20]. Everyone agrees that severe vitamin
D deficiency needs to be treated [21,22]. It is interesting to know that vitamin D deficiency
is common among people with epilepsy who take antiepileptic drugs and that vitamin D
levels should be monitored as part of standard epilepsy care [23].

Despite the fact that there are many similarities between ASD and concomitant
epilepsy, there is minimal research looking into common environmental and/or neu-
roinflammatory processes that lead to these conditions. Among the examples of these
pathways is vitamin D deficiency in children diagnosed with epilepsy [23] or ASD [23].
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This information initiates our interest to measure the predictive values of KCC2,
NKCC1, and vitamin D in plasma of children with ASD using logistic regression and
combining ROC that could lead to a better understanding of the etiological mechanism of
epilepsy and sleep disturbances as comorbidities in ASD.

2. Materials and Methods
2.1. Participants

In this study, 46 autistic male individuals and 26 gender- and age-matched controls
were enrolled from the Autism Research and Treatment Center at King Khalid University
Hospital Riyadh, King Saud University (Kingdom of Saudi Arabia). The Diagnostic and
Statistical Manual of Mental Disorders (DSM)-IV was used to screen and evaluate all the
participants. The Social Responsiveness Scale (SRS) and the Childhood Autism Rating
Scale (CARS) were used to calculate the scores in order to subclassify the participants into
mild, moderate, or severe categories. This study was prior-approved by the Institutional
Review Board and Guidelines of Health Sciences Colleges Research on Human Subjects,
(College of Medicine, King Saud University, No. 22/0122/IRB). Prior to participation,
all participants’ parents or legal guardians approved processing and publishing data by
providing an informed consent form.

2.2. Severity Assessment
2.2.1. Childhood Autism Rating Score (CARS)

CARS is a commonly used screening tool for autism [24] that evaluates 15 observa-
tional domains to differentiate between children with ASD and those with other develop-
mental conditions. Each domain is rated on a scale from 1 (representing typical behavior)
to 4 (indicating severe abnormality), with higher scores signifying greater impairment. The
assessed domains include emotional reactions, interpersonal relationships, imitation skills,
object and body use, fear or anxiety, listening abilities, intellectual responses, activity level,
verbal and nonverbal communication, sensory responses (e.g., visual, taste, smell, touch),
adaptability to change, and overall impressions. Total scores range from 15 to 60, with
scores under 30 reflecting a non-autistic range, scores from 30 to 36.5 suggesting mild to
moderate autism, and scores from 37 to 60 indicating severe autism.

2.2.2. Social Responsiveness Scale (SRS)

The SRS is a 65-item instrument used to measure the severity of autistic characteris-
tics [25]. The organized questionnaire, which takes around 15-20 min to complete, is filled
out by parents or instructors and focuses on the child behavior seen during the preceding
six months. The SRS utilizes a standardized 4-point scale, with answers ranging from 1
through 4. One indicates typical for your child’s age, two indicates mildly abnormal, three
indicates moderately abnormal, and four indicates severely abnormal.

The evaluation has five subscales: social cognition, social awareness, social motivation,
social communication, and autistic behaviors. An SRS score ranging from 60 to 75 implies mild
to moderate social impairment, while a score of 76 or more signifies significant social issues.

2.3. Blood Sample Collection

Following an overnight fast, 10 mL blood samples were obtained from both groups in
test tubes containing sodium heparin. After centrifugation for 15 min at 3500 rpm and at
ambient temperature, the obtained plasma was stored at —80 °C for the biochemical analyses.
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2.4. Biochemical Analysis

Potassium Chloride co-transporters 2 (KCC2), Na-K-Cl co-transporters 1 (NKCC1), and
Vitamin D3 (VD3) levels were measured using Human ELISA kits from ELK Biotechnology,
Wuhan, China (ELK 0484, ELK 0483, and ELK 0811, respectively) according to the manufac-
turer’s instructions. The detection range of 0.32-20 ng/mL or 6.25-400 ng/mL were indicated
for KCC2 and NKCC1 or VD3 Elisa kits, respectively. D3 was positively correlated with KCC2
and negatively correlated NKCC1, p values of 0.556 and 0.164, respectively.

2.5. Statistical Analysis

IBM SPSS software, version 22.0 (IBM Inc., Armonk, NY, USA), was used to analyze the
data. Each group’s data were examined for normalcy using the Shapiro-Wilk test. The median,
maximum, and minimum of the results were displayed. Two non-parametric groups were
compared using the Mann-Whitney test; significant differences were indicated by p-values < 0.05.

To connect various non-parametric variables, the Spearman rank correlation coefficient
(R) was employed. The Enter method was used to conduct a logistic regression model
analysis for the autistic group, with one variable serving as the dependent variable and the
second as the independent. A correlation of —1.0 indicates a perfect negative correlation,
whereas a correlation of 1.0 indicates a perfect positive correlation. If the correlation
coefficient is greater than zero, it indicates a favorable positive relationship. Conversely, if
the value is less than zero, there is a negative relationship.

The odds ratios (ORs) in the logistic regression study are used to illustrate the re-
lationship between the biomarkers and clinical state in the combined receiver operatic
characteristic (ROC) curves. ROC curves were generated for each logistic regression model.
Each marker combination’s area under the curve (AUC) was determined using a non-
parametric method. Because they raise the likelihood, odds ratios larger than one in logistic
regression denote “positive effects”. Since they have a tendency to lower probabilities,
those between 0 and 1 are referred to as “negative effects”. “No association” is shown when
the odds ratio is 1. An odds ratio must be smaller than zero.

The area under the curve (AUC) is a useful metric for evaluating the predictive power
of biomarkers. An effective statistic for evaluating the predictive power of biomarkers is
the AUC. An AUC value close to 1.00 indicates a very good predictive marker, but a curve
at the diagonal (AUC = 0.5) has no diagnostic significance. There is always a biomarker
with the appropriate specificity and sensitivity values when the AUC value is near 1.00.

High sensitivity means that most patients will be diagnosed with ASD when looking
at potential biomarkers for the disorder; high specificity means that healthy people will
hardly ever test positive for the variable being studied. Additionally, the specificity in a
ROC curve analysis is frequently increased by including two more markers, suggesting that
using a panel of factors rather than a single variable may be a very helpful diagnostic tool.

3. Results

For KCC2, NKCC1, and VD3 using the Mann—-Whitney test (non-parametric data):
The plasma levels of the three parameters were significantly lower in individuals with ASD
compared to healthy controls (p < 0.005) (Table 1). Moreover, a KCC2/NKCC1 ratio of 9.408
in autistic patients (i.e., 6.925/0.736) compared to much lower ratio of 2.400 in the control
(10.036/4.18) was observed.

The percent change for the three measured variables, KCC2, NKCC1, and vitamin
D3 levels, was significantly lower in individuals with ASD compared to healthy controls
(p < 0.001) (Figure 1).

Table 2 and Figure 2 show that there is a strong positive correlation between both
chloride co-transporters levels using Spearman correlation (p < 0.001). The ROC curve
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analysis was performed to evaluate the utility of KCC2, NKCC1, and vitamin D3 in the
early diagnosis of ASD. Figure 3 and Table 3 show independently the AUCs, cutoff values,
specificity, and sensitivity of the three measured parameters. While KCC2 demonstrates
excellent AUC of 0.931, both NKCC1 and vitamin D3 independently showed poor AUCs of
0.664 and 0.671, respectively. It is interesting to note that KCC2 recorded more predictive
value in severe autistic cases (AUC of 0.987) than mild—moderate cases (AUC of 0.888).
Also, vitamin D3 recorded higher but still fair predictive value in severe autistic individuals
(AUC of 0.732) compared to the mild—moderate group (AUC of 0.652).

Table 1. Comparison between different groups for the analyzed parameters.

Parameter Groups N  Min. Max. Mean + S.D. Median Percent Change p Value

KCC2 Control group 26 1.080 11920 4.924327bd 4180 100.00 0.001
(ng/mL) Autistic group 46  0.510 5.550 1.19+1.01°% 0.736 24.12
Mild to moderate 27  0.540 5.550 1.52 +1.21d 1.206 30.87
Severe group 19 0.510 1.810 0.78 £0.37 2 0.677 15.84

NKCC1 Control group 26 2120 28500 10.96 +6.72%4  10.036 100.00 0.035
(ng/mL) Autistic group 46  2.060  47.450 8.07 £7.082 6.925 73.58
Mild to moderate 27 2360  17.690 7.95 +£4.35 7.988 72.47
Severe group 19 2060  12.320 6.16 £2.872 6.381 56.22

VD3 Control group 26 3540  30.860 15.89 +8.01Pd 15533 100.00 0.041
(ng/mL) Autistic group 46 0.000 30.860 1093 +887%*  10.782 68.81
Mild to moderate 27  0.000  30.860 11.48 + 8.61 10.782 72.26
Severe group 19  0.000  30.860 9.49+£9.262 9.591 59.70

Table 1 describes the Kruskal-Wallis test between different groups with multiple comparisons (Mann-Whitney
test) within the entire groups for each parameter for (non-parametric data). ? Describes a significant difference
between the group and the (Control group) at significant level (0.05). b Describes a significant difference between
the group and the (Autistic group) at significant level (0.05). © Describes significant difference between the group
and the (Mild to moderate group) at significant level (0.05). 4 Describes significant difference between the group
and the (Severe group) at significant level (0.05).
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Figure 1. Percent change of Mean for different groups (Autistic, Mild to moderate and Severe)
according to (Control group) in the analyzed parameters.



Clin. Transl. Neurosci. 2025, 9, 21 6 of 14

Table 2. Correlations between the following parameters using Spearman correlation.

Parameters R (Correlation Coefficient)  p Value

KCC2 (ng/mL) with x

NKCCT (ng/mL) 0.402 0.001

KCC2 (ng/mL) with VD3 (ng/mL) 0.055 0.556
NKCC1 (ng/mL) with B

VD3 (ng/mL) 0.130 0.164

** Correlation is significant at the 0.01 level. P: positive correlation. N: negative correlation.

~

50

40f-

NKCC1 (ng/ml)

10-BNCS

R=0.41; P<0.001
P I S S EN S NI N R
6 8 10 12 14 16 18 20

KCC2 (ng/ml)

Figure 2. Spearman rank correlation coefficient (R) between KCC2 (ng/mL) and NKCC1 (ng/mL)
with best-fit line curve (positive correlation, R = 0.41 and p < 0.001). Graphic representation using
linear regression and heat map.

Table 3. ROC results for different groups (Autistic, Mild to moderate, and Severe) according to
(Control group) as the reference group, with combined ROC results.

Parameters AUC Cut-Off Value Sensitivity % Specificity % p Value 95% CI

Autistic group

KCC2 0.931 1.860 89.1% 88.5% 0.001 0.876-0.987

NKCC1 0.664 9.553 80.4% 57.7% 0.022 0.527-0.801

VD3 0.671 13.326 67.4% 65.4% 0.017 0.545-0.796

KCC2 with VD3 0.940 89.1% 88.5% 0.001 0.887-0.993

Mild to moderate group

KCC2 0.888 1.860 80.8% 88.5% 0.001 0.800-0.975

NKCC1 0.648 9.553 80.8% 57.7% 0.067 0.494-0.802

VD3 0.652 11.904 65.4% 69.2% 0.059 0.500-0.805

KCC2 with VD3 0.904 88.5% 80.8% 0.001 0.822-0.985

NKCC1 with VD3 0.701 76.9% 57.7% 0.013 0.560-0.843
Severe group

KCC2 0.987 1.069 88.9% 100.0% 0.001 0.964-1.000

NKCC1 0.724 8.763 88.9% 61.5% 0.012 0.574-0.874

VD3 0.723 4.144 44.4% 96.2% 0.013 0.564-0.883

NKCC1 with VD3 0.823 83.3% 69.2% 0.001 0.699-0.946
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Figure 3. ROC curve and combined ROC for the analyzed parameters of (Autistic group) according
to the Control group.

Table 4 demonstrates the logistic regression model of KCC2, NKCC1, and vitamin D3
in the mild-moderate, and severe autistic participants. It can be easily noticed that the
three measured variables recorded odds ratios less than one.

Table 4. Logistic regression results for different groups (Autistic, Mild to moderate, and Severe).
Parameters Regression = Standard Odds 95% CI for Odds Ratio p Value
Coefficient Error Ratio Lower Upper
Autistic group
KCC2 (ng/mL) —1.295 0.324 0.274 0.145 0.517 0.001
VD3 (ng/mL) —0.107 0.046 0.899 0.821 0.983 0.020
Mild to moderate group
KCC2 (ng/mL) —1.066 0.316 0.344 0.185 0.640 0.001
VD3 (ng/mL) —0.099 0.048 0.905 0.825 0.994 0.037
NKCC1 (ng/mL) —0.120 0.062 0.887 0.786 1.000 0.051
VD3 (ng/mL) —0.077 0.039 0.926 0.858 0.999 0.047
Severe group
NKCC1 (ng/mL) —0.251 0.106 0.778 0.632 0.957 0.017
VD3 (ng/mL) —0.102 0.046 0.903 0.826 0.987 0.025
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Table 4 describes the logistic regression test using the Enter method for different
groups (Autistic, Mild to moderate, and Severe) as the dependent variable and the analyzed
parameters as independent variables.

4. Discussion

In the current investigation, KCC2, NKCC1, and vitamin D3 levels were considerably
lower in plasma from autism patients than in healthy controls (Table 1). The three assessed
variables were shown to be directly connected to the severity of ASD, with severe cases
having much lower values than mild to moderate instances. Thus, vitamin D3 deficiency,
together with abnormal levels of plasma KCC2 and NKCC1 co-transporters, is strongly
related with ASD. This could emphasize the importance of assessing chloride co-transporter
biomarkers and vitamin D3 status as a viable new target for lowering ASD severity, along
with epilepsy and sleep issues, two common comorbidities.

Epilepsy is spontaneous hypersynchronous brain discharges that can last anywhere from
a few seconds to minutes and are caused by an imbalance of excitement and inhibition in the
neural circuit. Early-life acute onset seizures may have an underlying cause, such as a genetic
brain illness, which affects the excitatory/inhibitory (E/I) balance as a confirmed biochemical
feature in ASD, known as glutamate excitotoxicity, which can be reversed to treat ASD [26-28].

Epilepsy is believed to result from an imbalance in the electrical activity of the brain.
Disrupted C1~ homeostasis is one of the factors that can contribute to the development
and occurrence of seizures in epilepsy [29]. It is thought to occur from an imbalance in
the electrical activity of the brain. Disrupted CI™ homeostasis is one of the variables that
can contribute to the onset and progression of epilepsy [29]. Chloride ions are critical for
maintaining the equilibrium of electrical signals in neurons. Under normal conditions,
chloride ions are typically maintained at low levels within neurons, resulting in a negative
membrane potential. This negative potential serves to regulate neurons’ resting states and
prevents overexcitation. Chloride homeostasis is compromised due to poor chloride ion
control, as seen in the ASD patients recruited for the present study, in which much higher
NKCC1 was observed relative to KCC2. This could facilitate the entry of chloride ions
into neurons and induces a GABAergic excitatory or depolarization effect [30]. Changes in
transporter levels or functionality contribute to the chloride ion imbalance and epilepsy as
comorbidity in ASD patients [30,31].

The much lower KCC2 recorded in the present study can be related to epilepsy as a
major comorbidity in ASD individuals. It is well known that increased KCC2 activity reduces
intracellular CI~ levels, resulting in a hyperpolarized EGABA relative to the resting membrane
potential. This activates inward GABAergic C1~ currents, hyperpolarizing mature neurons [31].

It is well documented that KCC2, a key regulator of inhibitory GABAergic trans-
mission, has been associated to a number of neuropathological illnesses characterized by
inhibitory dysfunction, including Huntington'’s disease, Rett syndrome, spinal cord injury,
autism, and epilepsy [16,32-34]. It is well accepted that persistent inflammatory pain
epigenetically reduced KCC2 expression by histone deacetylase (HDAC)-mediated histone
hypoacetylation, resulting in diminished inhibitory signaling efficacy. Intrathecal injection
of KCC2 siRNA in naive rats lowered KCC2 expression in the spinal cord, resulting in pain
sensitization and disrupted inhibitory synaptic transmission as two autistic features [35].
Additionally, KCC2 is a point of convergence for several gene products associated with
96 autism and/or epilepsy (ASD/Epi) risk genes, which may help to coordinate its phos-
phorylation. As a result, treatments that target KCC2 may be useful in treating autism and
related epilepsies that have different genetic causes [36].

Table 1 also demonstrates significantly lower vitamin D3 in ASD patients compared to
healthy controls. Vitamin D3 levels were negatively correlated with the severity of ASD



Clin. Transl. Neurosci. 2025, 9, 21

9of 14

symptoms. This is in good agreement with multiple studies which recorded lower vitamin
D levels in children with ASD when compared to the healthy control group. Additionally,
there was a significant negative correlation between vitamin D levels and the overall scores
on the Autism Behavior Checklist (ABC), Childhood Auditing Scale (CARS), SRS, Autism
Treatment Evaluation Checklist (ATEC), behavioral energy zone, and the ATEC social
energy zone. This suggests that more severe core symptoms of ASD correlate with lower
vitamin D levels [37].

Evidence linking vitamin D deficiencies to epilepsy has been well documented, with
the anticonvulsant properties of VD3 first reported by Siegel et al. [38]. Their study
demonstrated that administering the active form of VD3 elevated hippocampal seizure
thresholds in rats. Similarly, research by Kalueff et al. [39] further supported these findings,
showing that 1,25-dihydroxyvitamin D exhibited anticonvulsant effects in chemically
induced seizures in mice.

Given these findings, investigating the correlation between VD3 and the key neu-
ronal chloride transporters KCC2 and NKCC1—both of which are implicated in impaired
GABAergic inhibition in epilepsy—became of particular interest. The observed correlations
may be explained by VD3’s role in modulating plasma and brain calcium levels through
enhanced intestinal calcium absorption. This, in turn, could reduce neuronal excitability
by lowering glutamate activity, thereby decreasing seizure susceptibility. Additionally, the
rapid anticonvulsant effects of VD3 may be attributed to its ability to regulate Ca>* and
CI™ currents across neuronal membranes.

Collectively, these findings suggest that vitamin D3 may exert a protective anticonvulsant
effect by modulating KCC2/NKCC1 activity, potentially benefiting individuals with autism
spectrum disorder (ASD) who are vulnerable to developing epilepsy as a common comorbidity.

Table 2 and Figure 2 demonstrate positive correlation between vitamin D3 and KCC2
and negative correlation with NKCC2. This could help to suggest the role of vitamin D
sufficiency in avoiding chloride C1™ imbalance, loss of GABAergic inhibitory action, and
glutamate excitotoxicity as common etiology of ASD. This can explain through considering
multiple studies, among which is that of Zanello and Norman (1997) [40], that indicate
that glutamate and CI™ may pass through the vitamin D3-sensitive outward current and
the molecular processes that link the hormone signal to the specific increase in voltage-
dependent outward Cl currents in osteoblasts is of critical importance. The increase in
outward glutamate and Cl could be related to avoid glutamate excitotoxicity and induce
the inhibitory effect of GABA. This could support the positive association of vitamin D3
with KCC2, a chloride co-transporter that maintains the chloride (C1™) gradient, which is
necessary for rapid synaptic GABAergic inhibition in the central nervous system [41].

The role of KCC2 in ASD severity is readily apparent, as severe autistics have a
significantly higher AUC of 0.987 than mild—moderate autistics (AUC = 0.888) (Table 3). On
the other hand, independent AUC of vitamin D recording weak AUCs of 0.671, 0.652, and
0.723 in all, mild-moderate, and severe autistic participants indicates that vitamin D3 could
not be used independently as a biomarker of ASD. This might explain the contradiction on
vitamin D as biomarker of autism.

Increased vitamin D combined AUC with KCC2 (0.904) in mild—-moderate and the
absence of combination with severe may support vitamin D’s role in alleviating chloride
ion imbalance, which is associated with poor GABA inhibitory neurotransmission and
increased glutamate excitotoxicity (Table 3 and Figures 4 and 5).
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Figure 4. ROC curve and combined ROC for the analyzed parameters of (Mild to moderate group)
according to the Control group.
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Figure 5. ROC curve and combined ROC for the analyzed parameters of (Severe group) according to
the Control group.

The higher NKCC1 relative to KCC2 recorded in autistic patients compared to the
control (9.4 and 2.4, respectively) could be related to sleep disturbance as a comorbidity
in ASD. A rise in C1™ levels while awake is linked to inhibitory synaptic transmission
in the brain [17]. In sleep-deprived rats, adjusting ClI™ levels was enough to improve
cognitive performance [17]. Cl-mediated sleep—wake regulation relies heavily on the
GABAA receptor’s equilibrium potential [17,42]. In sleep-deprived rats, decreasing the
Cl™ to hyperpolarizing equilibrium potential of the GABAAR was enough to restore
performance levels [17]. These findings suggest that targeting C1~ regulatory pathways
could increase treatment benefits in sleep disorders, among which is ASD.

If a predictor variable in a logistic regression model has an odds ratio less than one,
it means that a one-unit increase in that variable reduces the probability of the response
variable occurring. Based on this, and given that all of the reported odds ratios of KCC2,
NKCC1, and vitamin D3 in mild-moderate, and severe autistic patients (Table 4) are less
than one, it may help to explain the observed substantial drop in the three variables in the
etiology of ASD. Figure 6 demonstrates the suggested mechanism of the role of vitamin D
deficiency and/or insufficiency, altered activities of NKCC1 and KCC2, GABA excitatory
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effect, and glutamate excitotoxicity in epilepsy and sleep disturbance as comorbidities

in ASD.
Autism Healthy control
High NKCC1/KCC2

High KCC2/NKCC1 &

& vitamin D msuffecieny Vitamin D suffeciency

or defeciency

Low outward release of Glu & (]~ through @ O Normal clearance of Glu and release of Cl- through

vitamin D-sensitive channel vitamin D sensitive channel

GABA
excitatory effect

GABA mlubitory

<: Much higher mward C1~ Lower inward CI~ C> G effect

Balanced Excitatory/ Inhibitory
neurotransmussion

spilepsy and sleep disturbance in ASD
Figure 6. Diagram showing how vitamin D insufficiency or deficiency, changes in NKCC1 and KCC2,
and the excitatory action of GABA may contribute to seizures and sleep disturbance in people with
ASD, in comparison to healthy controls.

5. Conclusions

This study shows that KCC1 and NKCC2 chloride co-transporters can be targeted to
treat epilepsy and sleep disorders as comorbidities in ASD. Vitamin D insulfficiency is linked
to both comorbidities; therefore, vitamin D therapy may be useful in reducing epileptic
episodes and improving sleep quality in ASD patients, easing the strain on their families.
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