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Abstract: Autism Spectrum Disorders (ASDs) are a complex set of human neuropsychiatric 17 

diseases. The etiology of ASDs is still unknown, even though well-defined genome-based 18 

predispositions have been researched and recorded. There around 100 candidate genes linked to 19 

ASD, which can be detected in about 10-25% of autistic patients. Folate genes polymorphisms have 20 

been associated previously with other psychiatric and neurodegenerative diseases as well as having 21 

its own symptoms. The main polymorphisms in one-carbon metabolism genes studied are 22 

Dihydrofolate-Reductase (DHFR; 5q14.1) insertion/deletion 19ins/del (rs70991108; I/D), 23 

Methylenete-trahydrofolate-Reductase (MTHFR; 1p36.22) C667T (rs1801133 C>T) and A1298C 24 

(rs1801131); A>C), and Cystathionine-β Synthase (CBS; 21q22.3) 844ins68 (rs876657421). Very few or 25 

absent studies of these genes/polymorphisms have been developed from a sex perspective though 26 

ASD has a great sex-gap in onset and progression. Accordingly, focusing on ASDs there is still even 27 

a large gap, regarding both genomics and disease approaches. The aim of this review is to point the 28 

molecular mechanisms related to folate remyethilation and transsulfuration pathways, covering 29 

ASDs and other neurodisorders. Particular attention will be given to DHFR, MTHFR and CBS genes, 30 

and what we could learn by investigating their roles in a sex-based oriented approach to bring a new 31 

perspective for further research in ASDs. 32 

Keywords: One-carbon metabolism genes; Autism (ASD); Cognitive Disorders; Folate; 33 

Polymorphisms; SNPs; Sex-gap; Sex-based-diseases. 34 

 35 

1. Introduction 36 

In 1943 Leo Kanner defined autism as an innate inability to create normal, biologically 37 

determined, and emotional contact with others[1]. Currently, autistic disorder, along with pervasive 38 
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developmental disorder not otherwise specified (PDD-NOS), and Asperger syndrome are a complex 39 

sets of human neuropsychiatric diseases known as Autism Spectrum Disorders (ASDs)[2], [3]. 40 

Despite the technological advances and diverse investigations, there is still not definite and direct 41 

causal relationship or pattern for acquiring these disorders [2]. However, it is well established that 42 

ASD has a strong heritable component and therefore can be considered as a genome-based human 43 

disease [2]. In this context, several studies showed that monozygotic twins have around 90% chance 44 

of sharing the disease, while dizygotic twins have only 5 to 10 %[4], [5]. Nevertheless, no causative 45 

specific gene can cause autism.  46 

Approximately 100 candidate genes have been linked to ASD, in which most of them carry 47 

deleterious mutations in about 10-25% of autistic patients,  but no single allele is common for every 48 

patient[4], [6], [7]. The underlying etiology is most likely multifactorial, and it is suggested that in 49 

most cases autism results from the interaction of multiple genetic and environmental factors as 50 

often demonstrated for other complex disease[8], [9].  51 

Among those genes increasing disease susceptibility, the ones associated with folate 52 

homeostasis are gaining interest and the focus of research[10]–[13]. In the past decades, several 53 

studies indicated that low circulating levels of folate and vitamin B12 together with elevated 54 

homocysteine levels were associated with neurodevelopmental symptoms, especially cognitive 55 

decline, in psychogeriatric and psychiatric patients [1], [4], [7], [8]. Moreover, a large number of 56 

recent studies on ASD and other psychiatric disorders revealed associations with metabolic 57 

abnormalities related to folate homeostasis [2]. They have been categorized in five groups of 58 

associations: immune dysregulation, inflammation, oxidative stress, mitochondrial dysfunction, and 59 

environmental toxicant exposures [9], [10]. Genes in the folate enzymatic pathway and folate 60 

receptor genes exhibit polymorphisms that affect folate isoform cycling and balance[14]–[18]. For 61 

instance, Dihydrofolate Reductase (DHFR), Methylenetetrahydrofolate Reductase (MTHFR), and 62 

Cystathionine-β Synthase (CBS) are potential candidates of susceptible genes belonging to the 63 

remethylation and transulfuration pathways respectively[19]–[21].  64 

As ASD risk is generally acknowledged to reflect both genetic and environmental factors, their 65 

interplay has become the subject of intensified research in the last years [2]. Hypotheses have been 66 

presented to explain the environmental components of ASD including aspects related to diet and 67 

nutrition, economic status, vaccination, and general health care as well as environmental pollutants 68 

and gut oral and vaginal microbiomes, the latter indicating possible maternal influence in the 69 

etiopathology of ASD[2], [22], [23]. 70 

2. Folate Cycle and Autism Assciation  71 

Folate can naturally be found in food, polyglutamated 5-methyltetrahydrofolate, or in 72 

supplements, pteroyl-L-monoglutamic acid[28]. Folate isoforms work as donors and receivers of 73 

single-carbon units (1-C)[17], [29], [30]. Normally, in mammals, the 1C is acquired from serine, and 74 

exchanging them in purine and pyrimidine biosynthesis; Hence folate coenzymes play an essential 75 

role in the DNA synthesis[31]–[33]. They are necessary for de novo methionine synthesis and as well 76 

as several other cellular components[34]. Figure 1 shows the folate cycle, and its adjuvant role in 77 

nucleic acid synthesis and stability for transferring 1-C methyl group to DNA and proteins[35],[36], 78 

[37]. Meanwhile, folate coenzymes are central in the regulation of gene expression, once their methyl 79 

groups are added in the cytosine residues in the CpGs promoter regions of genomic DNA[38], [39].  80 
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Folate, methionine and homocysteine (Hcy) levels are closely associated and interdependent 81 

[28], [40]–[42]. Folate is processed by the dihydrofolate reductase (DHFR), which drives the 82 

reduction of dihydrofolate (DHF) to tetrahydrofolate (THF), originating 3 1C donors, bolstering the 83 

folate-mediated one carbon metabolism[28], [31], [43], [44]. While the remethylation cycle can be 84 

either cobalamin or betaine dependent[45], [46]. Therefore, playing an essential role in the DNA 85 

synthesis, repair, metabolic and signaling pathways[32], [47].  86 

Transsulfuration is the irreversible degradation of Hcy by [40], [42], [48] the transfer of sulfur 87 

from homocysteine to cysteine via cystathionine beta synthase (CBS) and is the only route for 88 

biosynthesis of cysteine[49], [50]. The main role of cysteine is being a component of glutathione, a 89 

potent antioxidant[50]–[52]. Previously studies showed that anomalous transsulfuration metabolism 90 

of cysteine and glutathione leads to aberrant redox homeostasis and neurodegeneration and to 91 

increased susceptibility to ASD (fig.01)[37], [53]–[55]. 92 

  93 

 94 
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 102 

Figure 01. Methylation cycle and folate genes roles.  DNA: Deoxyribonucleic Acid; DHF: Dihydrofolate; 103 

SAM: S-adenosyl Methionine; MTHFR: Methylene Tetrahydrofolate Reductase; dTMP: Thymidine 104 

monophosphate; THF: Tetrahydrofolate; SAH: S-adenosyl Homocysteine; dUM: Uridine monophosphate; 105 

DMG: Dimethyl Glycine; MS: Methionine Synthase; CBS: Cystathionine- β - Synthase (Adapted from Bhargava 106 

et al)[37].  107 

New findings have shown disruption/alteration in the cycle/pathways of folate-methionine in 108 

children with ASD[56], [57]. This have led to hypotheses in which folate-methionine synthases may 109 

play a role in the aetiology of ASD[58], [59]. Main et al. conducted a systematic review to examine the 110 

evidence for the involvement of alterations in folate methionine metabolism in the etiology of 111 

autism[56]. Data on metabolites, interventions or genes of the folate-methionine pathway and their 112 

related polymorphism were conflicting[56], [60]. There was suggestion that changes in 113 

concentrations of metabolites of the methionine cycle may be driven by abnormalities in folate 114 

transport and/or metabolism[61]. Most genetic studies lack sufficient evidence to provide conclusive 115 

genetic relation and a dysfunctional pathway in the etiology of autism[2],[4]. Therefore, it is 116 

extremely important to investigate closely the main genes associated with folate cycle and their 117 

association with ASD and other neurological diseases (table 01).  118 
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Table 01. Main folate genes and it is genotype categorized by its function  120 

 121 

2.1. MTHFR Gene 122 

MTHFR gene is located on chromosome 1 (1p36.22), it comprises of a total of 12 exons and codes 123 

for a protein product of 697aa[62]. Previously, much research has been published regarding 124 

associations of MTHFR gene polymorphisms with an array of complex neurological conditions 125 

including behavioral disorders, autism, schizophrenia, and susceptibility to suicide [13], [29], 126 

[63]–[65].  127 

The enzyme MTHFR is responsible, in the folate cycle, to convert irreversibly the 128 

5,10-methylene-THF to 5-methyl-THF, which is the primary form of circulating active folate in the 129 

blood, also known as L-methylfolate[29], [66]. The circulating 5-methyl-THF participates to 130 

methionine cycle by helping S-adenosylmethionine (SAM) generation and offering methyl groups 131 

associated with Hcy -Methionine balanced production[44], [62].  132 

One possible cause for mental health problems is altered methylation[61], and patients with 133 

chronic depression showed damaged structures in their brains possibly due to methylation 134 

association with brain inflammation[60], [67], [68]. Despite the fact, inflammation is a key 135 

component in the recovery in almost all diseases, when persistent in the brain can prejudice the 136 

recovery[69]. Therefore, to control or eliminating chronic inflammation in the brain is essential to 137 

ensure adequate levels of the bioactive form of folate (L-methylfolate or 5-methyl THF) and crucial 138 

decreasing of Hcy levels [31]. Brain needs active L-methylfolate for three critical roles[70], [71]:  139 

(1) The lack of the neurotransmitters serotonin and dopamine may be associated with depression 140 

and bipolar depression[43]. The production of neurotransmitters serotonin and dopamine are based 141 

in tryptophan hydroxylase and tyrosine hydroxylase enzymes respectively. Interestingly, 142 

tryptophan hydroxylase and tyrosine hydroxylase are known as rate-limiting enzyme, so they control 143 

Gene Polymorphism Genotype Risk genotype alteration  

Protective Risk 

 

MTHFR 

C677T 

(rs1801133) 

CC CT- TT Decreased enzymatic functional activity with 

10-20% of capacity to process folic acid.  

 

A1298C  

(rs1801131) 

AA AC-CC Decreased enzymatic functional activity.  

 

 

DHFR 

ins/del 19bp  

(rs70991108) 

___ del19bp Decreased chemotherapy efficacy and high 

unmetabolized folic acid circulating levels. 

CBS 844ins68bp 

(rs72058776) 

___ ins68bp Decreased enzymatic functional activity. 

Increased plasma homocysteine level.  
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the slowest step in the production pathway[72], [73]; Therefore, if that step is slowed down by any 144 

chance inherited and/or acquired, consequently the subsequent steps are affected[65]. Thus, 145 

decrease in L-methylfolate, either from chronic deficiency in diet or a dysfunctional MTHFR gene 146 

mutation/polymorphism, this affect the ability to synthetize the right amounts of serotonin, 147 

dopamine and its derivative norepinephrine[74]–[76].  148 

(2) Other way where reduction of L-methylfolate may affect the manufacture of serotonin and 149 

dopamine, it is through SAM production[43], [44], [76]. In the methionine cycle, L-methylfolate 150 

breaks down Hcy into methionine, which is necessary to produce SAM, meanwhile disruption in 151 

SAM production leads to reduction in the supply methyl groups needed for the production of 152 

serotonin and dopamine[76], [77]. 153 

 (3) A third way in which the lack/decrease of L-methylfolate may contribute to mental illness is 154 

from the accumulation of toxic homocysteine [45]. Even though studies showed that lowering the 155 

amount of circulating Hcy does not reduce inflammation signs, many researchers found that high 156 

levels of Hcy associated with accelerated degeneration of the brain, cognitive decline and also 157 

Alzheimer’s disease[48], [78]. This leads to believe that Hcy has an indirect role in the inflammation 158 

and brain damage[79]. Which could be explained by Hcy’s ability to induce free radical, causing 159 

oxidative damage in the brain, which indeed facilitate the degeneration seen in the brains of people 160 

with mental illness[52]. 161 

  The main MTHFR single nucleotide polymorphisms (SNP) are 677C>T transition (rs1801133) and 162 

1298A>C transversion (rs1801131), which widely vary in frequency over population[17]. There is an 163 

estimative that in the general population, 60-70% will hold one of these SNPs, and at least 10% of the 164 

general population carry both of them, being homozygous and/or heterozygous[41]. While 165 

singularly 8.5% will be homozygous for 677C>T or 1298A>C, and 2.25% will be heterozygous[14], 166 

[80].  167 

The results associated with C677T polymorphism in the MTHFR gene, is a change in the exon 4 168 

of an alanine to valine (Ala223Val), which cause high thermolability, particularly in folate deficient 169 

states and reduced enzyme activity[81]. There exists a strong direct correlation between folate and 170 

HCy levels by MTHFR distinct genotypes both in normal and case patients[82].For instance, 171 

individuals presenting the homozygous C677T polymorphism have an increased Hcy plasma level 172 

and lower folate level [41]. Besides, the MTHFR C677T variant, its association to neural tube defects 173 

and inadequate folate status, promoted changes in the dietary of many countries, which adopted 174 

mandatory folic acid fortification of cereal grain products[63], [83]. Studies conducted in these 175 

countries reported increased serum folate, low Hcy levels, and as well as decreased rates of neural 176 

tube defects in the overall population[48], [83].  177 

In the same study, it was also shown that women in the child-bearing age with the homozygous 178 

for MTHFR C677T are likely to have an increased requirement compared to those with the CC and 179 

CT genotypes, particularly the ones with low folate status[41], [63], [84]. Therefore, making these 180 

groups of individuals more susceptible to have a low intake of folates from food and/or supplements 181 

when not properly identified (figure 02)[53], [63]. 182 

The MHTFR gene A1298C polymorphism is located in exon 7, and originate from a substitution 183 

of a glutamic acid for alanine (E429A), causing a reduction in the enzyme activity that is more 184 

effective when in homozygosis than heterozygous state but less extended than for MTHFR C677T 185 

polymorphism[83], [85], [86]. The association of A1298C with neural tube defects and mental illness 186 
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seems to be controversial [86]. One possible explanation for such diverse findings through the 187 

literature is that actually the risk for neural tube defects depends on combined gene variants at the 188 

MTHFR gene and/or at additional genes, which could be modulated by nutritional deficiency[87], 189 

[88].  190 

The heterozygosity for the 2 polymorphisms, MTHFR A1298C and C677T, leads to lower 191 

MTHFR activity than the heterozygosity/homozygosity for either of the polymorphisms separately, 192 

resulting in  elevated Hcy and decreased plasma folate[89]. Recently the media have been 193 

highlighting the tenuous correlation between MTHFR polymorphisms with depression and anxiety 194 

in children and adults, causing a great deal of concern in people dealing with these complex 195 

conditions[90]–[93] Lewis et al performed a meta-analysis study of 1,119 cases of schizophrenia 196 

focusing on the MTHFR C677T polymorphism [36], [94] describing that individuals carrying 677-TT 197 

homozygous genotype had the greatest risk of schizophrenia (1.5 to 2.5 Odds ratio), compared to the 198 

subjects with CC wild type and CT heterozygous genotypes[94].  199 

In addition, sex differences apparently play a role in the MTHFR divergent outcomes from 200 

different psychiatric disorder studies[95]. In this line, comparing female and male patients with 201 

schizophrenia, a strong association between the 677 T-allele and male patients suggests that there is 202 

a different role between polymorphisms genotypes and sexes[96]. Although little is known about the 203 

sex variations in MTHFR polymorphisms, it is understood that sex hormones such as estrogen have 204 

protective effects on neurodevelopment and social maturation in patients with schizophrenia[97], 205 

[98]. Meanwhile, testosterone may increase male vulnerability toward an adverse course of disease, 206 

due to its unfavorable profile of neuroprotection and regulation of neurotransmitters66. 207 

There are less studies of MTHFR in ASD individuals compared with other mental illness, such as 208 

schizophrenia and depression[63]. Interestingly, MTHFR polymorphisms and folate status might be 209 

involved in the early phase of ASD establishment during pregnancy[59], [98]–[100]. 210 

Schmidt and colleagues analyzed the correlation of one-carbon genes, including MTHFR C667T 211 

polymorphism, in 332 children diagnosed for ASD and their mother’s pre-conceptional intake of 212 

vitamins [101].  Interestingly, they found a higher frequency of C677T polymorphism in children 213 

with ASD than in healthy controls, and mothers of ASD children carrying TT-genotype were less 214 

likely to report having consumed prenatal vitamins than mothers of non-ASD children [61], [101]. 215 

These findings bring insights into ASD and its possible association/role of MTHFR polymorphisms, 216 

which still need further investigations. 217 

 218 
2.2. DHFR Gene 219 

DHFR gene is located on chromosome 5 (5q14.1) it comprises a total of 6 exons and codes for a 220 

protein product of 187 aa [102]. The gene catalyzes the dihydrofolate into tetrahydrofolate, 221 

highlighting its importance in the cellular metabolism and cell growth. It is key enzyme in the 222 

conversion of dietary folate or supplements into the reduced bioactive form that can be utilized by 223 

cells.[102], [103] 224 

Tetrahydrofolate is required for de novo synthesis of a variety of essential metabolites including 225 

amino acids, lipids, pyrimidines, and purines. One of the main polymorphisms associated to DHFR, 226 

it is a 19 base pair insertion/deletion (19bp ins/del) (rs70991108) in the promoter/first intron of the 227 

gene[17], [104]. Which is addressed by a limited ability to convert THF into 5,10-methylene 228 

THF[103], [105].  229 
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DHFR has a non-folate-related role in converting dihydrobiopterin (BH2) to tetrahydrobiopterin 230 

(BH4)[103]. Thus, the downregulation of the DHFR enzyme consequently generates a decrease in 231 

BH4 level, which is essential to maintain the production of dopamine and other neurotransmitters, 232 

and also an imbalance in the BH4/BH2 ratio [102], [103]. As result, there is an increase endothelial 233 

nitric oxide synthase which in face of BH4 low-bioavailability becomes uncoupled and generates 234 

superoxide anions rather than nitric oxide being a critical determinant of oxidative stress and 235 

endothelial dysfunction in cerebral vasculature[102], [106], [107].  236 

In an animal model of Alzheimer Diseases, Santhanam  et al demonstrated an increased 237 

expression of endothelial nitric oxide synthase in cerebral vasculature[108]. Followed by a low levels 238 

of BH4, and superoxide anion production, it has been confirmed that reduced BH4 bioavailability is 239 

the mediator of nitric oxide synthase uncoupling and oxidative stress in the cerebral microvascular 240 

environment, which has been associated with many mental disorders, including Alzheimer 241 

Diseases[108], [109].  242 

DHFR inhibitors are a vast category of drugs and includes antibacterial, antimalarial, antifungal, 243 

and anticancer agents[110]. Among them, Methotrexate, a regular chemotherapy drug inhibits 244 

DHFR with a high affinity, hence lowering the availability of tetrahydrofolates, which will be lately 245 

used for the synthesis of pyrimidine and purines, ultimately stopping RNA and DNA 246 

synthesis[110], [111]. The matters associated with these drugs started to appear when studies 247 

correlated the Methotrexate treatment in young children with an increased prevalence of 248 

autistic-like symptoms, pointing out new concerns on DHFR inhibitors drug side effects[104], [110], 249 

[112]. 250 

Bailey and Ayling reported that folic acid supplements saturate DHFR enzyme in the liver of 251 

humans, and slow down the conversion of folic acid to THF taking up to 12 hours for a 5mg dose of 252 

folic acid in some individuals[102]. Concern has been expressed that unmetabolized folic acid 253 

(UMFA) may be detrimental for general health in the presence of particular haplotypes particularly 254 

for pregnant women carrying selected folate gene variants[102]. In detail, during pregnancy 255 

unbalanced folate isoform distribution may cause adverse epigenetic mechanisms on the offspring 256 

and though maternal folate supplementation efficiently reduces congenital malformations, 257 

indiscriminate fortification may cause several pediatric pathological conditions [102], [115]. 258 

Suboptimal conversion of folic acid into fully active folate, as in presence of DHFR and MTHFR gene 259 

variants reduces UMFA threshold particularly during pregnancy and this suggests a need for 260 

pharmacogenetics investigations[113]–[118]. 261 

Some researchers believe that DHFR 19bp ins/del can be a modifying factor for autism 262 

development during pregnancy, mainly due to an unusual activity of DHFR associated with the 263 

unmetabolized pteroylmonoglutamate during embryogenesis, and its accumulation in the cerebral 264 

components[102].  265 

Adam et al showed a positive correlation between MTHFR C667T polymorphism and DHFR 266 

19bp ins/del in ASD individuals[104]. Through structural similarity to its allosteric regulator, which 267 

is dihydrofolate, MHTFR ends up interacting with synthetic acid folic. Therefore, it is noteworthy 268 

that both DHFR 19bp ins/del and MTHFR C677T are risk factors for autism and neural tube 269 

defects[104], [119]. 270 

 271 

2.3. CBS Gene 272 
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CBS is located in chromosome 21 (21q22.3), it comprises of a total of 23 exons and codes for a 273 

protein product of 551aa; only exon 1–14 and 16 encode the CBS protein[49], [120]–[122]. The 5’UTR 274 

contains one of five alternatively used exons   and one constantly present exon, while 3’UTR is 275 

encoded by exons 16 and 17[123]. CBS enzyme catalyzes a reaction that eliminates Hcy from the 276 

Methionine pathway permanently[40], [42]. Removal is achieved by diverting Hcy towards the 277 

transsulfuration pathway, where vitamin B6 is required as a co-factor[124]. CBS is the enzyme in 278 

which a functional defect causes classical homocystinuria [42]. Associations have been demonstrated 279 

with an increased prevalence of behavioral and cognitive conditions, e.g. ASD[81]. 280 

CBS gene is associated with vascular function reduction, systemic oxidative stress, brain 281 

atrophy, and worsening neurological impairment in various central nervous system (CNS) 282 

disorders, i.e. autism, epilepsy, Parkinson’s disease, Alzheimer’s disease, and dementia[87], [121], 283 

[125]. 284 

James et al performed a study in order to evaluate closely the oxidative stress and its 285 

behavior/association among ASD children[126]. They observed that a metabolic pattern in the 286 

transsulfuration pathway could provide a more cohesive explanation for the unusual imbalance of 287 

methionine cycle in ASD patients[71], [126]. Low levels of cystathionine, cysteine, and total 288 

glutathione (tGSH) in the blood stream over the transsulfuration pathway are consistent with 289 

reduced flux. In addition, the substantial rise in disulfide from oxidized glutathione (GSSG) and the 290 

decrease in tGSH: GSSG by 67% suggest chronic oxidative stress[126], [127]. The enzymes within the 291 

methionine cycle, methionine synthase, betaine homocysteine methyltransferase, and methionine 292 

adenosyltransferase are down-regulated by oxidative stress[87], [126]. As for instance, the decrease 293 

in CBS activity controlled by methionine and SAM will increase the cysteine requirement and make 294 

it an important amino acid in such children [121], [126]. As cysteine is the rate-limiting amino acid 295 

for the synthesis of glutathione, its decrease is consistent with higher glutathione concentrations[87], 296 

[126]. The surprisingly strong decrease in concentrations of cysteine and glutathione as well as 297 

tGSH: GSSG in autistic children indicate an increased susceptibility to oxidative stress[126].  298 

Along with the oxidative stress, more than 140 different mutations were found in the CBS gene, 299 

and reported as causing disease[42], [120]. These mutations prevalently clustered in exon 3, 8, and 300 

10.  In a study performed on schizophrenia patients, Golimbet et al reported an association of the 301 

844ins68 polymorphism in CBS gene with increased risk of schizophrenia, changes in attention and 302 

auditory evoked potentials[128]. The 844ins68 is a common polymorphism in the general population 303 

that consists of a 68-bp insertion duplicating the 3’-splice site of intron 7 and the 5′- end of exon 304 

8[128].  305 

Other studies also demonstrated an association of CBS polymorphisms with ASD. Esmaiel et al 306 

showed that, the CBS C699T polymorphism (rs234706), in which homozygotes TT and heterozygotes 307 

CT genotypes were significantly represented in cases compared to CC genotype (wild type), and  308 

TT plus CT genotypes combined together, had significantly higher frequency in autism cases[129]. 309 

Finally, the frequency of the T-allele had a significant association with the high score of Childhood 310 

Autism Rating Scale (CARS) and clinical data from studied ASD participants[129]. 311 

 312 

3. Autism and Gender: What Can We Learn from Folate Cycle in Other Neurological 313 
Diseases?  314 
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In many diseases, including neurological conditions, sex differences are associated with the 315 

prevalence or outcome[130]. Research has consistently reported higher prevalence of ASD in males 316 

compared with females[131]. The increased sex-bias is also present when considering prevalence 317 

among very young patients[21]. The male-to-female ratio was 1.16:1.0 when using an at-risk sample 318 

of infants (i.e. infants receiving early intervention services) ranging in age from 22 to 39 months 319 

[130]. However, research has also supported that this ratio is affected by the level of cognitive 320 

ability[132], [133]. Likewise, the greater the attention defects, the less the difference between 321 

male/female ratios was apparent[21], [132], [134]. In infants aged 70–75 months, for example, the 322 

male-to-female ratio was overall 2.61:1.0, but when testing only those with an IQ below 50 the 323 

male-to-female ratio fell to 1.31:1.0[21]. Therefore, it would also be important to examine symptom 324 

endorsement differences between male and females while taking developmental level into 325 

consideration.  326 

Furthermore, autistic male and female patients have divergent symptoms – with males 327 

displaying heightened aggressiveness and repetitive behavior, and females experiencing greater 328 

anxiety and depression[135]. There is a discrepancy when diagnosing a male child with autism as 329 

opposed to a female child due to the discrepancies in symptom presentation between the two sexes 330 

(using male-centered behavior as the criteria), contributing to earlier diagnosis of males[21], [136]. In 331 

other words, the early signs of female autism can vary from those of males, hence the diagnosis may 332 

vary even when controlling for certain variables such as IQ or age[21]. 333 

There is a clear difference in autism pathology in males and females, thus pointing to differences 334 

in biological pathways that underlie the development of autism in the two sexes[136], [137]. From a 335 

molecular perspective, defects in folate metabolism can be targeted in an effort to attain this 336 

objective[8], [104], [138]. The susceptibility of the developing brain to MTHFR enzyme deficiency has 337 

not been appreciated until recently, when an increasing number of reports began to suggest it as a 338 

risk factor for neurodevelopmental disorders such as schizophrenia and autism[83], [139].  339 

Research by Burghardt et al., showed that MTHFR C677T polymorphism had  methylation 340 

effects stratified by sex in patients with schizophrenia, with female subjects showing a tendency 341 

towards lower rates of global methylation[140]. Looking at gender in relation to other variables 342 

correlated with global methylation, the regression analysis revealed that both gender and MTHFR 343 

genotype interacted, where 677 TT-homozygous females had the lowest overall methylation rates 344 

compared to males[85], [140], [141]. Interestingly, looking at this relationship, some of the shown 345 

gender differences could be due to variations in the distribution of the MTHFR genotype among the 346 

two groups[140]. 347 

Research conducted in animals models demonstrated correlations by gender between MTFHR 348 

polymorphic status and behaviors[96]. New-born mice exposed to antiepileptic drugs with 349 

polymorphic MTHFR C677T were positively associated with altered social behavior among female 350 

mice than males[96], [142]. This behavioral outcome was associated with the cortical potency of 351 

reelin levels and altered the proportions of important proteins in the of excitation/inhibition 352 

synapses[96]. However, most protein alterations occurred in the female cortex, than the few 353 

observed in the male cortex[96]. The significant changes observed in the levels of excitatory and 354 

inhibitory synapse proteins may underlie the mechanism of impairment of social preference and 355 

anxiety previously observed in the tested mice[96]. Despite the crucial role of a correct balance of 356 

folate isoforms in the human body, and its association with complex pathological conditions, much 357 
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future work is needed to definitively identify the most critical factors and to elucidate the precise 358 

mechanisms by which sex-specific factors modulate the presentation of the ASD phenotype. 359 

 360 
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