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ARTICLE INFO ABSTRACT

Keywords: Autism spectrum disorder (ASD) is a heterogeneous group of neurodevelopmental problems with various genetic
Autism and environmental components. The ASD diagnosis is based on symptom expression without reliance on any
Iron metabolism genes biomarkers. The genetic contributions in ASD remain elusive. Various studies have linked ASD with iron. Since
Palestine iron plays a crucial role in brain development, neurotransmitter synthesis, neuronal myelination and mito-
chondrial function, we hypothesized that iron dysregulation in the brain could play a role and contribute to the
pathogenesis of ASD. In this study, we investigated single nucleotide polymorphisms in ASD in various iron
metabolism genes, including the Transferrin Receptor (TFRC) gene (rs11915082), the Solute Carrier Family 11
Member 2 (SLC11A2) gene (rs1048230 and rs224589), the Solute Carrier Family 40 Member 1 (SLC40A1) gene
(rs1439816), and hepcidin antimicrobial peptide (HAMP) gene (rs10421768). We recruited 48 patients with ASD
and 88 matched non-ASD controls. Our results revealed a significant difference between ASD and controls in the
G allele of the TFRC gene rs11915082, and in the C allele of the SLC40A1 gene rs1439816. In silico analysis
demonstrated potential positive role of the indicated genetic variations in ASD development and pathogenesis.
These results suggest that specific genetic variations in iron metabolism genes may represent part of early genetic
markers for early diagnosis of ASD. A significant effect of SNPs, groups (ASD/control) as well as interaction
between SNPs and groups was revealed. Follow-up post hoc tests showed a significant difference between the
ASD and control groups in rs11915082 (TFRC gene) and rs1439816 (SLC40A1 gene). Backward conditional
logistic regression using both the genotype and allele data showed similar ability in detecting ASD using allel
model (Nagelkerke R? = 0.350 p = 0.967; Variables: rs1439816, rs11915082) compared to genotype model
(Nagelkerke R? = 0.347, p = 0.430; Variables: rs1439816 G, rs1439816 C, rs10421768 A). ROC curve showed
54% sensitivity in detecting ASD compared to 47% for the genotype model. Both models differentiated controls
with high accuracy; the allele model had a specificity of 91% compared to 92% for the genotype model.
In conclusion, our findings suggest that specific genetic variations in iron metabolism may represent early
biomarkers for a diagnosis of ASD. Further research is needed to correlate these markers with specific blood iron
indicators and their contribution to brain development and behavior.

1. Introduction neurodevelopmental aberrations with an estimated worldwide preva-
lence of 1 per 100 children [33]. ASD patients express a wide range of
Autism spectrum disorder (ASD) includes a set of early onset symptoms and difficulties primarily in social interaction, restricted,
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repetitive interests and behaviors [1]. The early symptoms of ASD are
usually identified by the age of 1 to 3 years old [25]. Accumulating
evidence has shown a significant role of environmental factors in the
pathogenesis of ASD [14,21]. Additional factors associated with ASD
include advanced paternal age [19] and exposure to some environ-
mental mutagens during pregnancy including mercury, cadmium and
nickel [18]. In addition to environmental factors, ASD is confirmed to be
influenced by multigenic factors that are highly heterogeneous, with the
average case being a product of many susceptibility-increasing genetic
variations [8,32]. Furthermore, patients with ASD exihibit various
changes in multiple peripheral markers, such as iron deficiency
[5,12,15,20].

Iron is a vital metal in all living organisms and contributes to many
vital processes [24]. In the brain, iron is essential for brain development,
neurotransmitter synthesis, neuronal myelination and mitochondrial
function. Iron metabolism is controlled by many key proteins, including
transferrin receptor 1(TFRC), solute carrier family 11 member 2
(SLC11A2), solute carrier family 40 member 1(SLC40A1), and hepcidin
antimicrobial peptide gene (HAMP), as illustrated in Fig. 1. Due to the
significant and crucial role iron plays in brain development, we hy-
pothesized that brain iron dysregulation may play a role in ASD path-
ogenesis. In particular, we focused on five single nucleotide
polymorphisms that have been significantly associated with known
neurological disorders including Alzheimer’s and Parkinson’s disease.
The rs11915082 polymorphism in the TFRC gene [17] is suspected to
affect regulation and level of expression of the transferrin receptor 1
gene [30]. Further, rs14398160f the SLC40A1 gene that encodes ferro-
portinl has been linked with Alzheimer’s disease risk [11]. Both
rs1048230 and rs224589 in the divalent metal transporter 1 have been
shown to be associated with Parkinson disorder [26,30]. Finally,
rs10421768 is located in the promoter region of the HAMP gene that has
been linked with ASD [28] (CITE) as well as with iron overload in
thalassemia major patients. In this study, we investigated the association
between these single nucleotide polymorphisms (SNPs) and ASD.

2. Methods
2.1. Subjects and samples

We recruited 48 male Palestinian patients with ASD with a median
age of 8 years old (4-14 years old). The control group constituted of 88
healthy young Palestinian males with no signs of any neurological or
other disorders and symptoms were included as controls. Since patients
came from different localities in the country, control particiants were
recruited from the same localities. Clinical diagnosis of ASD was
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performed for most patients (40) based on DSM-5 criteria by specialists
in the field (neurologists and psychiatrists) in private clinics and
specialized societies. A portion of the patients (8) -those born before
2013 - were initially diagnosed based on DSM-IV criteria, and diagnosis
were later confirmed by DSM-5 criteria. The behavioral differences
among all patiens were recorded. Both patients and control subjects
were recruited from the same geographical area covering various dis-
tricts in the West Bank, Palestine. Guardians of all patients were fully
informed of the objectives and course of the research project and gave
written informed consent for their children to participate in the study.
All relevent clinical and neurological complications of patients subjects
were obtained from their medical records and gurdians description but
couls not be included in the molecular association evaluation due to
limited number of patiens who share similar signes and symptoms.

2.2. Genotyping

Whole blood samples (3-5 ml) were collected from all participating
subjects in EDTA tubes and genomic DNA was extracted using com-
mercial kit (Epicenter, USA) according to manufacturer guidelines. Pu-
rified DNA was stored at -30 °C and the selected SNPs in the indicated
genes awere based on their reported link with neurological disorders as
meniond before. Genotyping was determined by Sanger’s sequencing for
SNPs rs11915082, rs1048230, rs224589, and rs1439816 variants while
PCR-RFLP was used for rs10421768 variants determination. PCR re-
actions were run in 25ul volume containing 12.5 pl of 2x ready mix
(Promega, USA), 1 pl template genomic DNA (about 200 ng/pL), and 1
pl of forward and reverse primers (final concentration of 10 pM). The
PCR reactions mixes and thermal cycles protocols including the relevant
primers sequences are described in Table 1 and the reactions were run
on a FlexCycler2 thermocycler (Analytik Jena, Germany). In the PCR-
RFLP analysis, the amplicons were digested using HpyCH41V allele-
specific restriction enzyme. Each reaction contained 10 pl PCR prod-
uct, 1.5 pl 10 x enzyme buffer, 0.2 pl (2 units of enzyme), and 3.3 pl
distilled water. The reaction mixture was incubated for 24 h at 37 °C and
the DNA digestion pattern was analyzed on 2% agarose gels. Sanger’s
sequencing was performed using BigDye™ Direct Cycle Sequencing Kit
(Thermo Fisher scientific, USA) and analyzed on Applied Biosystems
3500 Genetic Analyzer.

2.3. Statistical and in silico analysis

Allele and genotype frequencies were calculated using SPSS software
and SHEsis online tool [16,27]. Overall differences in allele and geno-
type frequencies between ASD patients and non-ASD individuals were
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Fig. 1. Polymorphisms in various elements of iron membrane/intracellular control genes.
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Table 1

PCR protocols and primers’ sequences.

Reverse primer Product size

Forward primer

Final extension (5 min)

Cycling

Initial denaturation5 min)(

SNP

Annealing30 s Elongation45 s

Denaturation30 s

306
366
483
367
244

CGCAGTGCAATATCCAACAT

GTCACTTCCTGAGGCACGTA

74 °C 74 °C

56 °C

94 °C

94°C

Rs11915082
Rs1048230
Rs224589

AGACCACAACCATGCCTCTG

TCCCATTCTTCTGAGGTCTCTC

TGTGAGGCTGGATTTTGTTG
TGGGGAAAGATCTTCGATG

74°C 74°C

56 °C

94 °C

94°C

AGATTTTGCACATGACCTGCT
GTACGTGGTTTGTCCTGCAA

74 °C 74 °C

56 °C

94 °C

94 °C

°

74 °C
74°C

o

58 °C

94 °C

Rs1439816

AGGGAACACTAGATAGCCCTGAG

CCCAGGCTAGTCTTGAACTTCTG

74°C

94 °C

94°C

Rs10421768

Journal of the Neurological Sciences 453 (2023) 120817

evaluated by Chi-Square (y2) test for independence or Fisher’s exact test.
Genotypes were evaluated using a -model ANOVA with the different
SNPs as the within subjects variables, and the as the between 0 subjst
variable. A p value less than an a = 0.05 was considered statistically
significant. Bonferroni correction of the o level was applied when rele-
vant. The functional consequences of SNPs that showed significant as-
sociation with ASD were investigated by in silico tools including
RegulomeDB and HaploReg V4.1 [7,29]. RegulomeDB scores SNPs
functionally based on their existence in a DNAase hypersensitive site or
transcription factor binding sites[7]. Scores range between 1 and 6, in
which score 1 shows that a SNP has strong evidence of being regulatory,
and 6 means it has least evidence of being functional [7]. HaploReg V4.1
was used to investigate whether the SNPs may have regulatory
functions.

3. Results
3.1. Association of SNP allele and genotype frequencies with ASD

Table 2 shows significant differences in allele frequencies between
the ASD and control groups for SNPs rs11915082 (TFRC gene) (p =
0.008) and rs1439816 (SLC40A1 gene) (p < 0.0001). The G allele of
rs11915082 was associated with increased ASD risk (OR = 2.06, 95% CI
= 1.19-3.55, p = 0.008). Similarly, the C allele of rs1439816 was
associated with increased disease risk (OR = 5.13, 95% CI = 3.00-8.79,
p <0.0001). Both rs224589 and rs1048230 (SLC11A2) and rs10421768
showed no significant differences in allele frequencies between cases
and controls. All tests had a Bonferroni corrected o« = 0.01.

For genotypes frequencies (Bonferroni corrected a = 0.01), the re-
sults indicated asignificant difference between the ASD and control
groups rs1439816 (p < 0.002) as shown in Table 3. The CC genotype
variant of rs1439816 was more frequent among subjects with ASD
compared to controls (47.9% vs. 8%, p < 0.000), which is in agreement
with the C allele frequency that showed significant association with
increased ASD risk. Conversely, rs10421768 showed no significant dif-
ference at the level of allele frequency between subjects with ASD and
controls. A mixed-model ANOVA with the five SNPs as within-subject
variables and the group (ASD/control) revealed a significant effect of
SNPs (p < 0.001), a significant effect of group (p < 0.001), and a sig-
nificant interaction between SNPs and group (p < 0.001). Follow-up
post hoc independent-samples t-tests to explore the significant interac-
tion showed a significant difference between the ASD and control groups

Table 2
Statistical analysis of allele and genotype frequencies.

SNP Allele Patient (%) Control (%) P Value OR(95% CI)
(n=48) (n = 88)

1511915082 G 71(74.0%) 102(58.0%)  0.008  2.06
(1.19-3.55)

A 25(26.0%)  74(42.0%) 0.48
(0.28-0.83)

T 74(77.1%) 140(79.5%) 0.86
(0.47-1.57)

10482 )

rs1048230 22(22.9%) 36(20.5%) 0635 15
(0.63-2.10)

A 32(33.3%)  53(30.1%) 116
(0.68-1.97)

15224589 C 64(66.7%) 12360.9%) 08 0.86
(0.50-1.46)

C 65(67.7%)  51(29%) 5.13
(3.00-8.79)

51439816 31(32.3%) 12571.0% %% 019
(0.11-0.33)

A 75(78.1%) 145(82.4%) 0.76
(0.41-1.41)

110421768 21(21.9%) 31(17.6%) 0398 430
(0.70-2.43)

Values in bold indicate significant difference.
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Table 3
Statistical analysis of genotype frequencies.
SNP Genotype  Patient (%) (n = Control (%) (n = P Value
48) 88)
1511915082 GG 27(56.2%) 31(35.2%) 0.041
AG 17(35.4%) 40(45.5%)
AA 4(8.3%) 17(19.3%)
TT 29(60.4%) 53(60.2%)
151048230 TC 16(33.3%) 34(38.6%) 0.223
CC 3(6.2%) 1(1.1%)
AA 6(12.5%) 4 (4.5%)
15224589 AC 20(41.7%) 45(51.1%) 0.194
cC 22(45.8%) 39(44.3%)
CcC 23(47.9%) 7(8%)
151439816 CG 19(39.6%) 37(42%) <0.001
GG 6(12.5%) 44(50.0%)
AA 32(66.7%) 58(65.9%)
1510421768 AG 11(22.9%) 29(33.0%) 0.028
GG 5(10.4%) 1(1.1%)

Values in bold indicate significant difference.

in rs11915082 (TFRC gene) and rs1439816 (SLC40A1 gene).

We applied conditional backward logistic regression using both the
genotype and allele data to examine the significance of our data in
differentiating ASD from controls. The allele model showed similar
ability in detecting ASD (Nagelkerke R? = 0.350p = 0.967; Variables:
rs1439816, rs11915082) compared to the genotype model (Nagelkerke
R? = 0.347, p = 0.430; Variables: rs1439816 G, rs1439816 C,
rs10421768 A). ROC curves in Fig. 2 illustrate the difference between
the allele and genotype models in detecting ASD and controls. The allele
model showed 54% sensitivity compared to 47% for the genotype
model. Both models differentiated controls with high accuracy, with the
allele model showing a specificity of 91% compared to 92% for the
genotype model.

3.2. In Silico analysis of the significant variants in the indicated genes

In silico analysis using RegulomeDB and HaploReg V4.1 was carried
out for SNPs that showed significant statistical association with ASD. For
rs11915082, RegulomeDB analysis showed a score of 4, indicating a lack
of evidence that this SNP has a regulatory consequence. Alternatively,
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HaploReg analysis showed that rs11915082 affects the binding sites of
regulatory factors CHD2, SRF, and ZBTB33. Regarding rs1439816,
RegulomeDB analysis showed that rs1439816 SNP has also a score of 4.
However, HaploReg analysis showed that this variation disrupts two
regulatory motifs including the binding sites of Eomes and SREBP.
Finally, in silico analysis using RegulomeDB showed that rs10421768
variant has a score of 2b, indicating that this variation is likely to affect a
transcription factor binding. In addition, the HaploReg analysis showed
that this SNP affects the binding sites of a group of factors including Myc,
E2A, and HIF1.

4. Discussion

Iron is found in high concentrations within the brain where it plays
essential roles in different cellular processes including neurotransmitter
synthesis, myelination of neurons and mitochondrial function. Brain
iron is highly regulated by different mechanisms mediated by various
key gene products [24]. Oxidative damage is considered as one of the
contributing factors in ASD pathogenesis [22]. Brain oxidative damage
could be enhanced by excess free iron within the brain. Increased levels
of non-transferrin bound iron may accumulate due to deregulation in the
functional expression of iron homeostasis proteins including transferrin
(Tf), transferrin receptor (TfR1), hepcidin antimicrobial peptide gene
(HAMP), Ferroportin (FPN) and divalentmetal-ion transporterl (DMT1).
Decreased levels of transferrin and ceruloplasmin have been docu-
mented in blood samples from autistic patients [9,23,31,34]. The pos-
sibility that ASD risk can be altered due to individual genetic variations
that affect and modify their susceptibility cannot be excluded [2]. Even
in the absence of toxic iron levels, iron could contribute to autism eti-
ology due to genetic susceptibility. In the present study, the association
of specific single nucleotide polymorphisms in specific genes directly
involved in iron metabolism including rs11915082 inTFRC gene,
rs224589 in SLC11A2 gene (DMT1), rs1048230 in SLC11A2 gene
(DMT1), rs1439816 in SLC40A1 (FPN) and rs10421768 in HAMP gene
(Hepcidin) and ASD risk was investigated. The results evidently showed
rs11915082, rs10421768, and rs1439816 to be risk genetic factors
associated with ASD risk. The transferrin receptor (TfR1) together with
transferrin (Tf) mediates the delivery of Tf-bound iron into cells. The
rs1191508 SNP has been reported to be associated with age-related
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Fig. 2. ROC curves of conditional backward logistic regression analysis of allele vs. gnotype detection of ASD.
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macular degeneration [30]. The present data demonstrate that the
1511915082 genetic variant in the TFRC gene is associated with ASD
pathogenesis, with the GG genotype being more frequent in the patient
group compared to the control group. Defifnitely, this will require direct
investigation on the relationship between iron metabolism-related gene
polymorphisms and various specific hematological parameters
including serum iron, ferritin levels, transferring levels and total iron
blood capacity (NTBC). The results indicate a significant role of this SNP
in ASD pathogenesis through disruption of iron metabolism in the brain.
Ferroportin (FPN) mediates the export of iron from cells encoded by the
SLC40A1 gene. A study on rs1439816 variant reported the C allele as a
risk factor of Alzheimer’s diseas. This allele was significantly associated
with decreased expression of the SLC40A1 gene in those patients
resulting in increased cellular Fe levels [11]. Our results similarly
showed the C allele of this variant was significantly associated with ASD
patients compared to controls. Our study showed significant difference
in ferroportin genetic variant rs1439816 frequencies between controls
and patients subjects which indicates a possible role of this SNP in ASD
pathogenesis. This will require further investigation to correlate the
indicated genotypre variation with specifc Iron metabolism indicateors
as mentioned above which will the development of a model on the
contribution of iron fluctuation to brain tissue functions in autistic pa-
tients compared to healthy subjects.

Hepcidin is encoded by the hepatic antimicrobial protein gene HAMP
and is considered a central regulator of systemic iron homeostasis
through the control of FPN1 expressions [13]. The rs10421768 poly-
morphism (c.-582 A < G) is located in the promoter region of the HAMP
gene. This variation has been reported to be associated with many dis-
orders which affect a conserved non-coding transcriptional box of the
HAMP gene promoter and it may affect binding affinity to transcrip-
tional factors or the response to these factors. In addition, it is suggested
that variation in the activation of the HAMP gene expression by both
upstream regulatory factor 1 and 2 (USF1/USF2) and cMyc/Max het-
erodimers that occur through E box within the promoter, can alter the
regulation of HAMP gene and hepcidin function in iron homeostasis
[3,4]. This polymorphism may constitute a risk factor for ASD through
increased iron levels in patients with ASD. Our data indicated a signif-
icant role of HAMP gene rs10421768 variant in the pathogenesis of ASD
with significant differences in genotype frequencies between patients
and control groups, however, no significant difference was detected in
allele frequencies between the two groups that can be explained by the
relative small size of the patients group.

The divalent metal transporter 1 (DMT1) is encoded by the solute
carrier family 11 member2 gene SLC11A2 and is ubiquitously expressed
in different tissues including brain and liver [35]. DMT1 is involved in
iron absorption and transport. The rs1048230 variant is synonymous
and located in the coding region of the SLC11A2 gene [17] but does not
result in amino acid substitution. This SNP was reported as a benign
variant when correlated with iron overload in hypochromic microcytic
Anemia (Accession: VCV000309312.2) [36]. The TT genotype and T
allele were documented to be associated with Parkinson disorder [26].
Regarding the rs224589 polymorphism (IVS4 + 44C < A), which is an
intronic variant located in intron 4, the C allele was reported to be
significantly associated with Wilson’s disease, age related macular
degeneration and Parkinson disorder [37-39]. It is speculated that the
rs224589 variant may affect alternative splicing or constitutive splicing
of the SLC11A2 gene through the corruption of splicing regulatory
cis-elements, which can result in incorrect isoforms of DMT1 [38,40,41].
Furthermore, since this SNP is located in an intronic region, it might
affect transcription, post-transcription, and ultimately mRNA trans-
lation of the SLC11A2 gene. Our results showed that both the rs1048230
and the rs224589 variants located in SLC11A2 gene were not correlated
with ASD pathogenesis as both alleles and genotypes frequencies were
not significantly different between patient and control groups.

This study represents the first study to draw direct attention towards
the role of iron dysregulation in ASD pathogenesis. Effects of genetic

Journal of the Neurological Sciences 453 (2023) 120817

variations in iron homeostasis genes and iron homeostasis is evident [6].
Our study focused on molecular genetic analysis; however, it is highly
recommended to expand this investigation on the relationship between
iron metabolism-related genes polymorphisms and various specific he-
matological parameters including serum iron, ferritin levels, transferrin
levels and total iron blood capacity (TIBC). Our results strongly indicate
the need to extend this work to directly evaluate the levels of blood iron
status including transferrin, ferritin and NTBI levels in normal subjects
and individuals with ASD to develop a model on the contribution of iron
fluctuation to brain tissues functions in autistic patients compared to
healthy subjects. In addition, the application of individual SNPs asso-
ciation studies is considered limited due to the low penetrance of indi-
vidual variants and the difficulty in their expressivity. Therefore,
individual haplotypes association is considered more valuable and
relevant following direct link of these genetic variations with a specific
phenotype [10]. The in silico analysis results indicated the SNPs which
showed significant correlation with ASD are likely to influence binding
of several major transcription factors. This provides an important tool
for unraveling the possible mechanism for the functional effect of these
variants on brain Fe status. This can be examined through identification
of relevant binding sites for these factors in the SNPs vicinity and
investigation of their functional significance.

Our findings should be considered in the context of a number of
limitations. First, the number of subjects with ASD in our study was
relatively small. This was influenced by challenges in recruiting patients
accurately diagnosed with ASD based on standardized criteria, and by
the limited number of specialists and professional societies in our fairly
small population. In addition, recruitment of subjects was also tempered
by social concerns of the involved families to participate in these studies.
While we acknowledge the need to expand this study to include more
patients, especially with extended investigation of relevant blood iron
parameters in ASD, the fairly strong association between the three
indicated SNPs with ASD within the current number of patients provides
preliminary confidence of a link between these variables. Second,
despite our best efforts to match the healthy control patients to the
patients with ASD, there was a significant difference in age range be-
tween the two groups (4-14 years and 18-20 years, respectively). While
we don’t perceive any immediate compelling reasons this would impact
our results, it is possible that factors unknown to us at the time of this
study could have impacted the results based on the different age ranges
of the cases versus controls. However, the fairly strong significant dif-
ferences of the association between the 3 indicated SNPs provides sup-
port for the significant link of these molecular markers with the
development of the disease. These results provide the basis for expanded
investigation of specific blood iron markers including free serm iron,
serum iron binding proteins, the function of specific vital Fe- containg
enzymes and the expression status of the indicated genes in these pa-
tients compared to control subjects and their potential role in the
development of the disease.

Iron is critical for proper neurodevelopment and its metabolism in
the brain is tightly regulated. Therefore, structural and functional
modulation of iron metabolism genes may represent one fundamental
factor linked to ASD development. The results generated from this study
give significant insights into the association of specific genetic variants
in major iron metabolism genes and ASD development, providing
further support to the role of iron in neurodevelopment and the impli-
cation of its dysregulation on ASD development and pathogenesis. This
study provides evidence for new novel genetic markers of brain iron
metabolism for ASD susceptibility that have the potential to serve as
additional major genetic markers for early diagnosis of ASD and early
clinical intervention.

Author contributions

SR genotyped the samples and edited the manuscript; SN contributed
to the design of genotyping protocols and processing of samples and



S. Rabaya et al.

edited the manuscript; SN and MMH designed the research framework
and identified target genes; KB conducted statistical analysis and edited

the

manuscript; MMH conducted statistical and machine learning

analysis and edited the manuscript, HMD organized the collection of
patients and control sampls, wrote the first draft of the manuscript,
designed of genotyping protocols, and collected the data. HMD and
MMH co-supervised the inception and execution of the project.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]
(171

[18]

[19]

[20]

American Psychiatric Association, Diagnostic and Statistical Manual of Mental
Disorders 5th Ed., vol. 5th, American Psychiatric Publishing, Arlington, VA, 2013.
M. Aschner, S. Ceccatelli, Are neuropathological conditions relevant to
ethylmercury exposure? Neurotox. Res. 18 (1) (2010) 59-68, https://doi.org/
10.1007/s12640-009-9113-2.

H.K. Bayele, H. McArdle, S.K.S. Srai, Cis and trans regulation of hepcidin
expression by upstream stimulatory factor, Blood 108 (13) (2006) 4237-4245,
https://doi.org/10.1182/blood-2005-07-027037.

H.K. Bayele, S.K.S. Srai, Genetic variation in hepcidin expression and its
implications for phenotypic differences in iron metabolism, Haematologica 94 (9)
(2009) 1185-1188, https://doi.org/10.3324/haematol.2009.010793.

A. Bener, A.O. Khattab, D. Bhugra, G.F. Hoffmann, Iron and vitamin D levels
among autism spectrum disorders children, Ann. Afr. Med. 16 (4) (2017) 186-191,
https://doi.org/10.4103/aam.aam_17_17.

B. Benyamin, T. Esko, J.S. Ried, A. Radhakrishnan, S.H. Vermeulen, M. Traglia,
M. Gogele, D. Anderson, L. Broer, C. Podmore, J. Luan, Z. Kutalik, S. Sanna, P. van
der Meer, T. Tanaka, F. Wang, H.-J. Westra, L. Franke, E. Mihailov, J.B. Whitfield,
Novel loci affecting iron homeostasis and their effects in individuals at risk for
hemochromatosis, Nat. Commun. 5 (2014) 4926, https://doi.org/10.1038/
ncomms5926.

A.P. Boyle, E.L. Hong, M. Hariharan, Y. Cheng, M.A. Schaub, M. Kasowski, K.

J. Karczewski, J. Park, B.C. Hitz, S. Weng, J.M. Cherry, M. Snyder, Annotation of
functional variation in personal genomes using RegulomeDB, Genome Res. 22 (9)
(2012) 1790-1797, https://doi.org/10.1101/gr.137323.112.

M.G. Butler, S.K. Rafi, W. Hossain, D.A. Stephan, A.M. Manzardo, Whole exome
sequencing in females with autism implicates novel and candidate genes, Int. J.
Mol. Sci. 16 (1) (2015) 1312-1335, https://doi.org/10.3390/ijms16011312.

A. Chauhan, V. Chauhan, W.T. Brown, I. Cohen, Oxidative stress in autism:
increased lipid peroxidation and reduced serum levels of ceruloplasmin and
transferrin-the antioxidant proteins, Life Sci. 75 (21) (2004) 2539-2549, https://
doi.org/10.1016/].1f5.2004.04.038.

D.C. Crawford, D.A. Nickerson, Definition and clinical importance of haplotypes,
Annu. Rev. Med. 56 (2005) 303-320, https://doi.org/10.1146/annurev.
med.56.082103.104540.

A.C. Crespo, B. Silva, L. Marques, E. Marcelino, C. Maruta, S. Costa, A. Timoteo,
A. Vilares, F. Simoes, P. Faustino, A. Paula, A. Verdelho, G. Porto, M. Guerreiro,
A. Herrero, C. Costa, A. De Mendonga, L. Costa, M. Martins, Neurobiology of Aging
Genetic and biochemical markers in patients with Alzheimer ’ s disease support a
concerted systemic iron homeostasis dysregulation, 2014, p. 35.

C.F. Dosman, LE. Drmic, J.A. Brian, A. Senthilselvan, M. Harford, R. Smith, S.
W. Roberts, Ferritin as an indicator of suspected iron deficiency in children with
autism spectrum disorder: prevalence of low serum ferritin concentration, in:
Developmental Medicine and Child Neurology vol. 48, 2006, pp. 1008-1009,
https://doi.org/10.1017/50012162206232225, issue 12.

B.K. Fuqua, C.D. Vulpe, G.J. Anderson, Journal of trace elements in medicine and
biology intestinal iron absorption, J. Trace Elem. Med. Biol. 26 (2-3) (2012)
115-119, https://doi.org/10.1016/j.jtemb.2012.03.015.

J. Hallmayer, S. Cleveland, A. Torres, J. Phillips, B. Cohen, T. Torigoe, J. Miller,
A. Fedele, J. Collins, K. Smith, L. Lotspeich, L.A. Croen, S. Ozonoff, C. Lajonchere,
J.K. Grether, N. Risch, Genetic heritability and shared environmental factors
among twin pairs with autism, Arch. Gen. Psychiatry 68 (11) (2011) 1095-1102,
https://doi.org/10.1001/archgenpsychiatry.2011.76.

S. Hergiiner, F.M. Kelesoglu, C. Tanidir, M. Copiir, Ferritin and iron levels in
children with autistic disorder, Eur. J. Pediatr. 171 (1) (2012) 143-146, https://
doi.org/10.1007/s00431-011-1506-6.

IPM SPSS, IBM SPSS statistics (25.0), IBM Corp, 2017.

W.J. Kent, C.W. Sugnet, T.S. Furey, K.M. Roskin, T.H. Pringle, A.M. Zahler,

D. Haussler, The human genome browser at UCSC, Genome Res. 12 (6) (2002)
996-1006, https://doi.org/10.1101/gr.229102.

D.K. Kinney, D.H. Barch, B. Chayka, S. Napoleon, K.M. Munir, Environmental risk
factors for autism: do they help cause de novo genetic mutations that contribute to
the disorder? Med. Hypotheses 74 (1) (2010) 102-106, https://doi.org/10.1016/j.
mehy.2009.07.052.

A. Kong, M.L. Frigge, G. Masson, S. Besenbacher, P. Sulem, G. Magnusson, S.

A. Gudjonsson, A. Sigurdsson, A. Jonasdottir, A. Jonasdottir, W.S.W. Wong,

G. Sigurdsson, G.B. Walters, S. Steinberg, H. Helgason, G. Thorleifsson, D.

F. Gudbjartsson, A. Helgason, O.T. Magnusson, K. Stefansson, Rate of de novo
mutations and the importance of father’s age to disease risk, Nature 488 (7412)
(2012) 471-475, https://doi.org/10.1038/nature11396.

A. Latif, P. Heinz, R. Cook, Iron deficiency in autism and Asperger syndrome,
Autism : The International Journal of Research and Practice 6 (1) (2002) 103-114,
https://doi.org/10.1177,/1362361302006001008.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

Journal of the Neurological Sciences 453 (2023) 120817

K. Lyall, R.J. Schmidt, I. Hertz-Picciotto, Maternal lifestyle and environmental risk
factors for autism spectrum disorders, Int. J. Epidemiol. 43 (2) (2014) 443-464,
https://doi.org/10.1093/ije/dyt282.

T. Manivasagam, S. Arunadevi, M.M. Essa, C. SaravanaBabu, A. Borah, A.

J. Thenmozhi, M.W. Qoronfleh, Role of oxidative stress and antioxidants in autism,
Advances in Neurobiology 24 (2020) 193-206, https://doi.org/10.1007/978-3-
030-30402-7_7.

N.A. Meguid, A.A. Dardir, E.R. Abdel-Raouf, A. Hashish, Evaluation of oxidative
stress in autism: defective antioxidant enzymes and increased lipid peroxidation,
Biol. Trace Elem. Res. 143 (1) (2011) 58-65, https://doi.org/10.1007/s12011-
010-8840-9.

S.S. Nadadur, K. Srirama, A. Mudipalli, Iron transport & homeostasis mechanisms :
their role in health & disease, Indian J. Med. Res. 128 (2008) 533-544.

C.J. Newschaffer, L.A. Croen, J. Daniels, E. Giarelli, J.K. Grether, S.E. Levy, D.

S. Mandell, L.A. Miller, J. Pinto-Martin, J. Reaven, A.M. Reynolds, C.E. Rice,

D. Schendel, G.C. Windham, The epidemiology of autism spectrum disorders,
Annu. Rev. Public Health 28 (2007) 235-258, https://doi.org/10.1146/annurev.
publhealth.28.021406.144007.

S.M. Saadat, 1. Degirmenci, S. Ozkan, F. Saydam, Z. Ozdemir Koroglu, E. Colak, H.
V. Giines, Is the 1254T>C polymorphism in the DMT1 gene associated with
Parkinson’s disease? Neurosci. Lett. 594 (2015) 51-54, https://doi.org/10.1016/j.
neulet.2015.03.054.

Y.Y. Shi, L. He, SHEsis, a powerful software platform for analyses of linkage
disequilibrium, haplotype construction, and genetic association at polymorphism
loci, Cell Res. 15 (2) (2005) 97-98, https://doi.org/10.1038/sj.cr.7290272.

K. Skonieczna-Zydecka, D. Jamiot-Milc, K. Borecki, E. Stachowska, P. Zabielska,
M. Kaminska, B. Karakiewicz, The prevalence of insomnia and the link between
Iron metabolism genes polymorphisms, TF rs1049296 C>T, TF rs3811647 G>a,
TFR 157385804 a>C, HAMP rs10421768 a>G and sleep disorders in polish
individuals with ASD, Int. J. Environ. Res. Public Health 17 (2) (2020), https://doi.
org/10.3390/ijerph17020400.

L.D. Ward, M. Kellis, HaploReg v4: systematic mining of putative causal variants,
cell types, regulators and target genes for human complex traits and disease,
Nucleic Acids Res. 44 (D1) (2016) D877-D881, https://doi.org/10.1093/nar/
gkv1340.

D. Wysokinski, K. Danisz, E. Pawlowska, M. Dorecka, D. Romaniuk,

J. Robaszkiewicz, M. Szaflik, J. Szaflik, J. Blasiak, J.P. Szaflik, Transferrin receptor
levels and polymorphism of its gene in age- related macular degeneration, Acta
Biochim. Pol. 62 (2) (2015) 177-184.

0. Yorbik, A. Sayal, C. Akay, D.I. Akbiyik, T. Sohmen, Investigation of antioxidant
enzymes in children with autistic disorder, Prostaglandins Leukot. Essent. Fatty
Acids 67 (5) (2002) 341-343, https://doi.org/10.1054/plef.2002.0439.

T.W. Yu, M.H. Chahrour, M.E. Coulter, S. Jiralerspong, K. Okamura-Ikeda,

B. Ataman, K. Schmitz-Abe, D.A. Harmin, M. Adli, A.N. Malik, A.M. D’Gama, E.
T. Lim, S.J. Sanders, G.H. Mochida, J.N. Partlow, C.M. Sunu, J.M. Felie,

J. Rodriguez, R.H. Nasir, C.A. Walsh, Using whole-exome sequencing to identify
inherited causes of autism, Neuron 77 (2) (2013) 259-273, https://doi.org/
10.1016/j.neuron.2012.11.002.

J. Zeidan, E. Fombonne, J. Scorah, A. Ibrahim, M.S. Durkin, S. Saxena, A. Yusuf,
A. Shih, M. Elsabbagh, Global prevalence of autism: a systematic review update,
Autism Res. 15 (5) (2022) 778-790, https://doi.org/10.1002/aur.2696.

S.S. Zoroglu, F. Armutcu, S. Ozen, A. Gurel, E. Sivasli, O. Yetkin, I. Meram,
Increased oxidative stress and altered activities of erythrocyte free radical
scavenging enzymes in autism, Eur. Arch. Psychiatry Clin. Neurosci. 254 (3) (2004)
143-147, https://doi.org/10.1007/500406-004-0456-7.

H. Gunshin, B. Mackenzie, U. Berger, et al., Cloning and characterization of a
mammalian proton-coupled metal-ion transporter, Nature 388 (1997) 482-488,
https://doi.org/10.1038/41343.

M.J. Landrum, J.M. Lee, M. Benson, G.R. Brown, C. Chao, S. Chitipiralla, B. Gu,
J. Hart, D. Hoffman, W. Jang, K. Karapetyan, K. Katz, C. Liu, Z. Maddipatla,

A. Malheiro, K. McDaniel, M. Ovetsky, G. Riley, G. Zhou, J.B. Holmes, B.

L. Kattman, D.R. Maglott, ClinVar: improving access to variant interpretations and
supporting evidence, Nucleic Acids Res 46 (D1) (2018) D1062-D1067, https://doi.
org/10.1093/nar/gkx1153.

Qing He, Tingting Du, Xiaojun Yu, Anmu Xie, Ning Song, Kang Qi, Jintai Yu, Lan
Tan, Junxia Xie, Hong Jiang, DMT1 polymorphism and risk of Parkinson’s disease,
Neurosci. Lett. 501 (2011) 128-131, https://doi.org/10.1016/j.
neulet.2011.07.001.

Adam Przybytkowski, Grazyna Gromadzka, Anna Cztonkowska, Polymorphisms of
metal transporter genes DMT1 and ATP7A in Wilson’s disease, Journal of Trace
Elements in Medicine and Biology 28 (1) (2014) 8-12, https://doi.org/10.1016/j.
jtemb.2013.08.002.

Daniel Wysokinski, Malgorzata Zaras, Mariola Dorecka, Maja Waszczyk,

Jerzy Szaflik, Janusz Blasiak, Jacek P. Szaflik, An association between
environmental factors and the IVS4-+44C>A polymorphism of the DMT1 gene in
age-related macular degeneration, Graefes Arch Clin Exp Ophthalmol 250 (2012)
1057-1065, https://doi.org/10.1007/s00417-012-1966-z.

J. Tazi, N. Bakkour, S. Stamm, Alternative splicing anddisease, Biochim. Biophys.
Acta 1792 (2009) 14-26.

A.J. Ward, T.A. Cooper, The pathobiology of splicing, J. Pathol. 220 (2010)
152-163.


http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0005
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0005
https://doi.org/10.1007/s12640-009-9113-2
https://doi.org/10.1007/s12640-009-9113-2
https://doi.org/10.1182/blood-2005-07-027037
https://doi.org/10.3324/haematol.2009.010793
https://doi.org/10.4103/aam.aam_17_17
https://doi.org/10.1038/ncomms5926
https://doi.org/10.1038/ncomms5926
https://doi.org/10.1101/gr.137323.112
https://doi.org/10.3390/ijms16011312
https://doi.org/10.1016/j.lfs.2004.04.038
https://doi.org/10.1016/j.lfs.2004.04.038
https://doi.org/10.1146/annurev.med.56.082103.104540
https://doi.org/10.1146/annurev.med.56.082103.104540
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0055
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0055
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0055
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0055
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0055
https://doi.org/10.1017/S0012162206232225
https://doi.org/10.1016/j.jtemb.2012.03.015
https://doi.org/10.1001/archgenpsychiatry.2011.76
https://doi.org/10.1007/s00431-011-1506-6
https://doi.org/10.1007/s00431-011-1506-6
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0080
https://doi.org/10.1101/gr.229102
https://doi.org/10.1016/j.mehy.2009.07.052
https://doi.org/10.1016/j.mehy.2009.07.052
https://doi.org/10.1038/nature11396
https://doi.org/10.1177/1362361302006001008
https://doi.org/10.1093/ije/dyt282
https://doi.org/10.1007/978-3-030-30402-7_7
https://doi.org/10.1007/978-3-030-30402-7_7
https://doi.org/10.1007/s12011-010-8840-9
https://doi.org/10.1007/s12011-010-8840-9
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0120
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0120
https://doi.org/10.1146/annurev.publhealth.28.021406.144007
https://doi.org/10.1146/annurev.publhealth.28.021406.144007
https://doi.org/10.1016/j.neulet.2015.03.054
https://doi.org/10.1016/j.neulet.2015.03.054
https://doi.org/10.1038/sj.cr.7290272
https://doi.org/10.3390/ijerph17020400
https://doi.org/10.3390/ijerph17020400
https://doi.org/10.1093/nar/gkv1340
https://doi.org/10.1093/nar/gkv1340
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0150
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0150
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0150
http://refhub.elsevier.com/S0022-510X(23)00278-2/rf0150
https://doi.org/10.1054/plef.2002.0439
https://doi.org/10.1016/j.neuron.2012.11.002
https://doi.org/10.1016/j.neuron.2012.11.002
https://doi.org/10.1002/aur.2696
https://doi.org/10.1007/s00406-004-0456-7
https://doi.org/10.1038/41343
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1016/j.neulet.2011.07.001
https://doi.org/10.1016/j.neulet.2011.07.001
https://doi.org/10.1016/j.jtemb.2013.08.002
https://doi.org/10.1016/j.jtemb.2013.08.002
https://doi.org/10.1007/s00417-012-1966-z
http://refhub.elsevier.com/S0022-510X(23)00278-2/optcnHM2ntfZe
http://refhub.elsevier.com/S0022-510X(23)00278-2/optcnHM2ntfZe
http://refhub.elsevier.com/S0022-510X(23)00278-2/optmq6yz9AdWM
http://refhub.elsevier.com/S0022-510X(23)00278-2/optmq6yz9AdWM

	Iron metabolism in autism spectrum disorder; inference through single nucleotide polymorphisms in key iron metabolism genes
	1 Introduction
	2 Methods
	2.1 Subjects and samples
	2.2 Genotyping
	2.3 Statistical and in silico analysis

	3 Results
	3.1 Association of SNP allele and genotype frequencies with ASD
	3.2 In Silico analysis of the significant variants in the indicated genes

	4 Discussion
	Author contributions
	References


