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Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterised by impaired social interaction and behav-
ioural abnormalities. Growing evidence proved that impairment in mitochondrial functions could inhibit energy production
and may contribute to the onset of ASD. Genetic variants in the genes of mitochondrial DNA (mtDNA) could interrupt the
normal energy metabolism and production in the brain which lead to a wide range of structural and functional changes in
the brain resulting in ASD. The present study aims to compare the activities of mitochondrial electron transport chain (ETC)
complex I, pyruvate dehydrogenase (PDH) and specific mitochondrial DNA gene (MT-ND1 and MT-ND4) variants associ-
ated with ASD subjects in the Tamil Nadu population. Mutational analysis revealed that most mutations in ASD subjects
showed synonymous type followed by missense in both the NDI and ND4 genes. Interestingly, we found that the complex
I and PDH dysfunctions may have a role in ASD compared to the controls (p <0.0001). Hence, the results of the present
study suggest that mitochondrial dysfunction, specifically the complex I genes, may play a major role in the onset of ASD,
concluding that further research on mitochondrial genes are mandatory to unravel the mechanism behind ASD pathogenesis.

Keywords Autism spectrum disorder - Mitochondrial dysfunction - Complex I activity - PDH activity - mtDNA gene
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental
condition characterised by difficulty in social interaction,
problems with verbal and non-verbal communications
and repetitive or restricted behaviour [1]. In India, almost
around 1 in 100 children under 10 years of age has been
affected with ASD [2]. Despite considerable efforts in the
understanding of its etiological mechanism and biological
basis, no reliable biomarker or distinct pathogenesis has
yet been established for ASD. Initially, Lombard proposed
that ASD is an impairment caused due to dysfunction in
the mitochondria; therefore, it has become mandatory in
analysing various aspects of the mitochondria in an ASD-
affected patients [3], and few studies have also suggested
that mitochondrial dysfunction and altered energy metabo-
lism might be a major factor in the etiopathogenesis of
ASD [4-6]. The mitochondria are solely responsible in
the generation of energy via oxidative phosphorylation,
a process that needs action of 5 electron transport chain
(ETC) complexes (I to V). These ETCs in the mitochon-
dria especially (complex I and III) are the main protagonist
in the generation of free radicals. Also, it is important that
the energy demand of a cell is directly proportional to
the number of mitochondrial DNA (mtDNA) as it might
vary depending on the presence of free radicals and oxi-
dative stress [7, 8]. Remarkably, it has been observed that
mutations in the mtDNA have been proposed as a biologi-
cal biomarker to detect condition such as ASD [9]. Many
researches have proved that genetic variants in the mtDNA
genes could stimulate mitochondrial dysfunction which
results into consecutive episodes of abnormal energy pro-
duction for cell, irregular intracellular calcium buffering
and increased production of ROS, which could contrib-
ute to ASD [10, 11]. Increasing evidence indicates that
mutations in mtDNA variants especially in the complex
I-related genes (VD1 and ND4) may affect the energy sup-
ply and key processes of the developing brain, triggering a
cascade of structural and functional changes, thereby con-
tributing to the aetiology of ASD [12, 13]. Increased copy
numbers of mtDNA genes (NDI and ND4) especially due
to over-replication have been observed among ASD cases
[14]. The dysfunction in the mitochondria can be easily
described by analysing few biochemical markers like lac-
tate, pyruvate, lactate to pyruvate (L:P) ratio, alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST)
[15-17]. An elevation or reduction in these biochemical
markers is caused due to impaired mitochondrial aerobic
respiration and reduction in TCA cycle functioning which
could decrease the L:P ratio eventually affecting the ETC
complexes and PDH activity in the mitochondria [18,
19]. These studies have established the proof that these

@ Springer

biochemical markers such as AST, ALT, lactate, pyruvate
and serotonin levels could impact the mitochondrial activ-
ity and end up in progression of ASD [15, 20].

To consider the above statements, we investigated the
activities of mitochondrial ETC complex I and pyruvate
dehydrogenase (PDH) in ASD subjects. To the best of our
knowledge, this is the first kind of study in Indian popula-
tion, where we had explored the clinical spectrum of chil-
dren with ASD and mitochondrial dysfunction. Hence, the
aim of the present study is to find out the mitochondrial
activities of ETC complexes and other biochemical param-
eters like AST, ALT, lactate and pyruvate which helps in
mitochondrial dysfunction among the ASD subjects. Fur-
ther, we analysed the mtDNA complex I gene (NDIand
ND4) variants as whether they have any role in the onset of
ASD due to mitochondrial dysfunction.

Methodology
Subject Recruitment

The subjects aged 3 to 18 years were recruited from various
hospitals and rehabilitation centres in the study area (Tamil
Nadu, India) during 2017 to 2020. Control samples who
were age and sex matched with ASD cases (+2) were also
recruited. Environmental, lifestyle, reproductive, maternal
lifestyle and detailed demographic characters were collected
from the study subjects using a detailed filled question-
naire. The Institutional Human Ethics Committee (IHEC)
informed consent was obtained from the participants. The
study protocol follows the ethical guidelines of the Declara-
tion of Helsinki (2002). The ASD patients were confirmed
via clinical examinations using the Diagnostic and Statisti-
cal Manual of Mental Disorders (Fifth Edition) (DSM-V)
and Childhood Autism Rating Scale (CARS) to detect the
severity of symptoms (Fig. 1).

Sample Size and Details

Totally, 174 samples were recruited for the present study
and were grouped according to the severity of the disor-
der: group 1, mild ASD (n=57); group 2, moderate ASD
(n=98); and group 3. severe ASD (n=19). The inclusion
criteria for the present study were children aged from 3 to
18 years and who had been diagnosed to have ASD accord-
ing to DSM-V from a certified paediatrician and neurologist.
The exclusion criteria were children with a comorbid diag-
nosis of other disorders thought to be associated with ASD
(fragile X syndrome, Asperger’s syndrome, cerebral palsy,
tuberous sclerosis and neurofibromatosis) and children who
had other physical illnesses.
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Analysing the Results

Fig. 1 Flow chart of the study design. Depicts the work flow of our present study, where the overall work plan and total number of cases enrolled

have been explained in pictorial representation

Blood Sample Collection

Blood samples were obtained from ASD and control sub-
jects by venipuncture in EDTA and heparin tubes.

Analysis of Biochemical Parameters

A 300 pl blood was taken and centrifuged at 1500x g, 4 °C
for 15 min. The detection reagents were prepared accord-
ing to the manufacturer’s instructions. For AST and ALT,
10 pl of the samples were transferred to the cuvette, and the
samples were diluted with 40 pl of saline. A 300 pl of detec-
tion reagent was added, and the values read at 340 nm. For
lactate, 4 pl of plasma was added and diluted with 200 pl
of saline. A 400 pl of detection reagent was added, and the
values were measured at 340 nm.

Assay for Activities of Mitochondrial ETC Complex|

The activity of mitochondrial ETC complex I was ana-
lysed using microplate assay kits. All the tests were done
in duplicate. The absorbance was read by spectrophotom-
eter microplate reader. For the activity assays of complex
I, detergent (1/10 volume) was added to the sample to

extract transmembrane proteins into the solution. To select
the optimal amount of the sample for the activity assays, a
dose—effect curve was plotted for each assay.

Assay for Mitochondrial PDH Enzyme Activity

The PDH enzyme activity was analysed using microplate
assay kit. Intact and functional PDH enzymes were extracted
after adding detergent (1/19 volume) to the sample, and
100 mg proteins from each sample were used for this assay.
PDH activity was determined by following the reduction of
NADp to NADH, coupled to the reduction of a reporter dye
to yield a yellow-coloured reaction product whose concen-
tration was monitored by measuring the increase in absorb-
ance at 450 nm. The mitochondrial citrate synthase is an
important marker to check the mitochondrial activity. Hence,
its level was determined by using extraction buffer, solubi-
lised and determined using immunocapture-based method.

Mitochondrial DNA Extraction from Blood

A 2 ml of the whole blood was treated with low salt buffer
(10 mM Tris—HCI pH 7.6, 10 Mm KCl, 10 mM MgCl2 and
2 mM EDTA) to which 125 ul Triton X 100 was added.
The contents were centrifuged at 2200 rpm for 10 min,
and the supernatant was collected. Further centrifugation
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was carried out at 15,000 rpm for 30 min. Repeated wash-
ing with low salt buffer was carried out till white pellets
were obtained which was collected and treated with high
salt buffer (10 mM Tris—HCI pH 7.6, 10 Mm KCI, 10 mM
MgClI2, 2 mM EDTA and 0.4 M NaCl) to which 75 ul of
10% SDS was added and incubated at 55 °C. A 200 ul 6 M
NaCl was added and centrifuged at 11,300 rpm for 20 min.
The supernatant was collected and treated with twice the
volume of 100% ethanol for precipitation of mtDNA. Con-
tents were centrifuged at 15,000 rpm for 10 min, and pellets
were collected and washed with 70% ethanol. The mtDNA
obtained was stored in 50 pl TE buffer.

mtDNA Amplification and Sequencing

test. All values were considered to be significant at p <0.05
level throughout the study.

Results

In demographic characteristics, age, sex, passive smoking,
stress and family history play a major role in the onset of
ASD (significant at p <0.05 level) compared to other factors;
these results have been explained elaborately in Table 1.
Table 2 depicts the mutational changes in the ASD patients

Table2 NDI and ND4 mitochondrial DNA mutations in autism
patients and controls

S.No Nucleo- Locus  Nucleotide change Amino  p value
In order to screen the mutations of MT-NDIand MT- tide acid
ND4, polymerise chain reaction (PCR) amplification position change
was carried out using specific primers. Further, the PCR 1 1216 MENDL T C Mis 0,001
products were elec.trophoresed through 1.5'%' agaroge 5 3847 MENDL T C Syn 0.95
gel, and the nuclef)tlde sequence.s of the specific ampli- 3 3777 MENDL T C Syn 0.89
cons Wf?re deter'mlned. Tl'le obtained mtDNA sequ<'inces 4 3741 MtNDL CoT Syn 0.66
were ahg'ned with a multiple sequence alignment '1nter— 5 3430 MtNDL A—G Syn 022
face of Finch TV sgftware gn('i DNA baser an.d aligned 6 3456 MENDL T C Syn 0.99
by BLAST. Ide.:nt1f1ed variations were confirmed by 7 23622 MtND]L CoT Mis 0.04%
repeated analysis of both strands. g 11,150 MtND4 G A Mis 0.01%
. . . 9 11,440 Mt-ND4 G—A Syn 0.21
Statistical Analysis 10 11719 MeND4 G—A Syn 0.33
o 11 11,176  MtND4 G—A Syn 0.02%*
Summary statistics are exp.res.se.d as mean (95% confidence |, | 0819 MtND4 A—G Syn 0.005*
intervals [CIs]), whereas individual datg are expresseq as 13 10876 MCND4 A—G Syn 0.22
mean (SD). The data were evaluated using thfa correlation 14 10895 MCND4 A—G Mis 0.001*
in each independent feature, a 95% confidence interval (CI).
Mean and SD levels were calculated along with chi square *p values <0.05 level was considered as significant
Table 1 Demographic characteristics of the ASD and control subjects
Characteristics ASD (n=174) Controls OR (95% CI) p value
- (n=174)
Mild Moderate Severe
(n=57) (n=98) (n=19)
Age at onset 0-8 31(54.3%) 55(56.1%) 11(57.8%) 97(55.7%) 0.2 (0.08 to 0.57) 0.002%
9-13 17 (29.8%) 32(32.6%) 6(31.5%)  5531.6%)  0.2(0.07 to0.57) 0.002%*
14-18 9 (15.7%) 11 (11.2%) 2 (10.5%) 22 (12.6%) 0.1 (0.02 to 0.60) 0.01*
Sex Male 39 (68.4%) 67 (68.3%) 12(63.1%) 118 (67.8%) 0.05(0.02 to 0.12) 0.0001%*
Female 18 (31.5%) 31(31.6%) 7(36.8%)  56(32.18%) 0.2 (0.08 to 0.57) 0.002%*
Maternal exposure to passive smoking 33(57.8%) 61(62.2%) 12(63.1%) 1(0.5%) 0.04 (0.005 to 0.36)  0.003*
Hostile environment at work 12 (21%) 21 (21.4%) 3(15.78%) 139(79.8%) 0.03 (0.009 to 0.14)  0.0001%*
Environmental exposure 11(192%) 14 (142%) 1(5.2%) 98 (56.3%) 0.63 (0.07 to 5.31) 0.6
Stress 9 (15.7%) 12 (12.2%) 3 (15.7%) 101 (58.0%)  0.03 (0.00 to 0.16) 0.0001%*
Family history Yes 38 (66.6%) 77(78.5%) 13 (68.4%) 31 (17.8%) 0.2 (0.09 to 0.44) 0.0001%*
No 19(33.3%) 21 (21.4%) 6(31.57%) 143(82.2%) 0.03 (0.01 t00.10)  0.0001%

ASD, 174; control, 174; OR, odds ratio; CI, confidence interval (95%). The CARS values were determined, and a value from 30 to 32 was con-
sidered mild; > 32 and <37 as moderate and >37-60 as severe. p value <0.05 is significant
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(mild, moderate and severe) compared to the control sub-
jects. The mitochondrial genes NDI and ND4 show muta-
tional changes, where most of them were synonymous muta-
tion followed by missense mutation. The values were found
to be significant (p < 0.05) for the following 10,895 (ND4),
10,819 (ND4), 11,176 (ND4), 11,150 (ND4), 3622 (NDI)
and 4216 (ND1) nucleotide positions in ASD subjects.

The nucleotide coverage of the ND1I gene, its alleles,
class and mutation type, amino acid residues and its coor-
dinates has been depicted in Table 3, while in Table 4, we
have depicted the total single-nucleotide polymorphisms
observed in ASD subjects for ND4 gene. The nucleotide
coverage of the ND4 gene, its alleles, class and mutation
type, amino acid residues and its coordinates where most
of them were of synonymous type followed by missense
type.

When lactate levels were measured in autistic children
and controls, a higher number of children exhibit hyperlac-
taemia especially among mild ASD cases than compared

to controls. The L:P ratio (lactate:pyruvate ratio) was also
found to be reduced among the ASD cases than controls,
especially in the moderate ASD cases. Children with ASD
also exhibited significantly higher levels of ALT (p <0.0005)
and AST (p <0.0002) as compared to the controls. Further-
more, hyperserotonaemia was observed in the autistic group
where all the three groups of ASD children showed higher
serotonin levels as compared to the controls. Interestingly,
the chi square test also revealed that all the biochemical
parameters showed statistically significant levels when com-
pared with controls except for the lactate levels (p=0.5).
All the control subjects have normal range of values for the
respective biochemical parameters. The detailed analysis of
the biochemical parameters has been explained in Table 5.
The activities of mitochondrial ETC complex I and PDH
normalised to the activity of citrate synthase of ASD and con-
trol subjects are represented in Table 6. Our results showed
that the activity of complex I was significantly reduced by
p<0.0001) in ASD cases (X*>=29.8) compared to control

Table 3 Total single-nucleotide polymorphisms observed in autism spectrum disorder patients for ND1 gene

S.No Coverage Alleles Class Mutation type Amino Amino acid  Classification SIFT  PolyPhen
acid resi-  coordinates
due

1 Mt. 4216  T/C SNP Missense variant Y/H 304 Tolerated, low confidence 1 0.006

2 Mt. 3847 T/C SNP  Synonymous variant L 181 - - -

3 Mt. 3777  T/C SNP  Synonymous variant S 157 - - -

4 Mt. 4113 G/A SNP  Synonymous variant L 269 - - -

5 Mt. 3480 A/G SNP  Synonymous variant K 58 - - -

6 Mt. 3456  T/C SNP  Synonymous variant A 50 - - -

7 Mt. 3622 C/A SNP Missense variant L/M 106 Deleterious, low confidence  0.05 1

SIFT (sorting intolerant from tolerant) tool to predict the effect of missense variant in protein function based on sequence homology and physi-
ochemical property. O to 0.1, intolerant; 0.101 to 0.2, borderline; 0.201 to 1, tolerant. PolyPhen (Polymorphism phenotyping) tool to predict the
effect of missense variant in protein function based on physical and comparative considerations. 0 to 0.99, benign; 1.00 to 1.24, borderline; 1.5

to 1.99, possibly damaging

Table 4 Total single-nucleotide polymorphisms observed in autism spectrum disorder patients for ND4 gene

S.No Coverage Alleles Class Mutation type Amino Amino acid  Classification SIFT  PolyPhen
acid resi-  coordinates
due

1 Mt. 11,150 G/A SNP Missense variant A/T 131 Deleterious, low confidence 0 0.03

2 Mt 11,440 G/A SNP  Synonymous variant G 227 - - -

3 Mt 11,719 G/A SNP  Synonymous variant G 320 - - -

4 Mt.11176 G/A SNP  Synonymous variant Q 139 - - -

5 Mt. 10,819 A/G SNP  Synonymous variant K 20 - - -

6 Mt. 10,876  A/G SNP  Synonymous variant L 39 - - -

7 Mt. 10,895 A/G SNP Missense variant N/D 46 Tolerated, low confidence 0.38 0.011

SIFT (sorting intolerant from tolerant) tool to predict the effect of missense variant in protein function based on sequence homology and physi-
ochemical property. O to 0.1, intolerant; 0.101 to 0.2, borderline; 0.201 to 1, tolerant. PolyPhen (polymorphism phenotyping) tool to predict the
effect of missense variant in protein function based on physical and comparative considerations. 0 to 0.99, benign; 1.00 to 1.24, borderline; 1.5

to 1.99, possibly damaging
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Table 5 Comparison of mean and SD for biochemical parameters among ASD cases and controls

Biochemical parameters ~ ASD cases (174) Control (174) Chi square p value
. Levels mean+SD X7

Mild (n=57) Moderate (n=98) Severe (n=19)

Levels mean +SD Levels mean + SD Levels mean+SD
Lactate levels 3.5+0.1 3.6+0.1 3.6+0.1 1.2+0.1 2.23 0.5
L:P ratio 13.7+1.8 13.5+1.6 13.4+22 19.9+0.2 31.0 <0.0008*
ALT levels 583+1.1 59.6+2.5 58.6+1.2 39.2+6.0 68.9 <0.0007*
AST levels 38.6+1.5 389+1.8 37.9+1.5 19.2+4.9 347 <0.0001*
Serotonin levels 153.5+14 153.9+1.5 153.6+1.5 130.1+1.3 222.0 <0.0007*

Normal levels of lactate, 1.1-2.4 mmol/L; L:P ratio, 20; ALT, 7-56U/L; AST, 5-34U/L; serotonin, 50-149 ng/L
High levels of lactate, > 2.5 mmol/L; L:P ratio, >20; ALT, > 56U/L; AST, > 35U/L; serotonin, 150-200 ng/L

*p value less than 0.05. ALT, alanine aminotransferase; AST, aspartate aminotransferase; L:P ratio, lactate, pyruvate ratio

group. Further, PDH activity was also significantly reduced
by p<0.0001 in ASD cases (X’ =34.1) compared to controls.

Discussion

Autism spectrum disorder is a complex neurodevelopmental
disorder with multifactorial disorder which has varied aetiol-
ogies like genetic, environment, as well as high level of oxi-
dative stress [21, 22]. Based on the previous review article,
it was reported that in India among the group of monogenic
diseases, ASD has been commonly diagnosed in the Indian
populations [23, 24]. The focus into unravelling the relations
between mitochondrial dysfunction and ASD was initiated
because there has been evidence that mutations in mtDNA
have a crucial impact on neurodevelopment of the foetus.
Many studies have supported the hypothesis that mtDNA has
a pivotal role in the aetiopathogenesis of ASD. Therefore,
we aimed to undo the potential as well as possible role of
ETC complex I and its related genes in causing the onset of
ASD in the present study population. In the present study,
we found that defective mitochondria were observed among
the ASD cases, where we successfully found low activity of
PDH which was allied with low L:P ratio and ETC complex
I activity when compared with the controls. Interestingly,
even the scatter plot also revealed that the complex I activ-
ity and PDH activity have a positive correlation, as the data
points are making a straight line among the two variables.
The complex I of the mitochondria is one of the largest
complex among the rest four complexes of ETC, also is has
the major role in oxidative phosphorylation in the cell, even
though its complete mechanism is yet to be discovered, mainly
because of its sub-units and their interactions [25]. Our pre-
sent study was in accordance with Giulivi et al. [14] where the
authors found that the activity of complex I was reduced up to
60% among autism cases than controls. In accordance to our
study, another author has also stated that either dysfunction
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in mitochondrial ETC enzyme or mutations in them might
have a role in the onset of autism in their study [15, 26]. In the
present study, we found that the ASD cases had reduced levels
of L:P ratio which suggest that there might be a deficiency in
PDH activity among the ASD cases. It has been reported that
reduced levels of L:P ratio would remove insufficient amount
of pyruvate and lactate resulting into decreased energy pro-
duction in to brain dysfunction in autism [27]. Studies have
reported that mitochondrial dysfunction allied with elevated
levels of lactate and alanine in autism cases [28, 29]. Our
study is in accordance with previous study which suggested
that damage or dysfunction in PDH activity could be a reason
for the abnormal levels of other biochemical parameters or
metabolites in ASD cases [30].

Numerous biochemical anomalies have been found in
individuals with autism. Tests pertaining to lactate revealed
elevations in the study group varied from the controls. This
was also observed by other researchers as well [19, 30].
Nonetheless, a decrease in these levels was found in a study
conducted [30]. As no specific control was maintained on
the diet of autistic children and control, these discrepancies
can be attributed to this as well. When AST and ALT levels
were measured, it was significantly elevated in the children
with autism in accordance with previous studies [15, 31, 32].
Similarly, the thyroid profile was also significantly altered in
the autism group as compared to their controls. Serotonin has
been considered a biomarker for ASD, and hyperserotonaemia
was observed in about 25% of the individuals affected with
ASD [33]. Similar to prior reports, the present study showed
elevated serotonin levels in the autistic group. Despite tremen-
dous research in this realm, the association between hypers-
erotonaemia and ASD still remains in its infancy. A deeper
understanding of the underlying pathology may help in pro-
viding novel therapeutic strategies for ASD-like symptoms.

An increase in the production of these free radicals and
OXPHOS due to dysfunction in the mitochondria may result
in increased mtDNA replication or repair. In our study, we
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