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Evidence is emerging that dysregulation of circulating concentrations

of homocysteine, an important intermediate in folate and vitamin B12

metabolism, is associated with autism spectrum disorder (ASD), but

comprehensive assessments and correlations with disease characteristics

have not been reported. Multivariate ordinal regression and restricted cubic

spline (RCS) models were used to estimate independent correlations between

serum homocysteine, folate, and vitamin B12 levels and clinical outcomes

and severity of children with ASD. After adjusting for confounding factors,

serum homocysteine levels were significantly higher in children with ASD

than in healthy controls (β: 0.370; 95% CI: 0.299∼0.441, p < 0.001). Moreover,

homocysteine had a good diagnostic ability for distinguishing children with

ASD from healthy subjects (AUC: 0.899, p < 0.001). The RCS model indicated

a positive and linear association between serum homocysteine and the risk of

ASD. The lowest quartile of folate was positively associated with ASD severity

(OR: 4.227, 95% CI: 1.022∼17.488, p = 0.041) compared to the highest

quartile, and serum folate showed a negative and linear association with ASD

severity. In addition, decreased concentrations of folate and vitamin B12 were

associated with poor adaptive behavior developmental quotients of the Gesell

Developmental Schedules (p < 0.05). Overall, an increased homocysteine

level was associated with ASD in a linear manner and is thus a novel diagnostic

biomarker for ASD. Decreased concentrations of folate and vitamin B12 were

associated with poor clinical profiles of children with ASD. These findings

suggest that homocysteine-lowering interventions or folate and vitamin B12

supplementation might be a viable treatment strategy for ASD.
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Introduction

Autism spectrum disorder (ASD) is an early-onset

neurodevelopmental disorder characterized by problems with

social communication, repetitive behavior, and restricted

interests, and patients can manifest a comprehensive array

of additional symptoms such as intellectual disabilities and

gastrointestinal disorders (Lai et al., 2014). Although heredity

is widely recognized as one of the major causes of ASD (Sandin

et al., 2017), it cannot explain the recent increase in ASD

prevalence (Maenner et al., 2020). Therefore, more and more

attention has been paid to the study of environmental factors in

the etiology of ASD.

Homocysteine, a sulfur-containing amino acid, is a

metabolic intermediate in methionine metabolism and is

crucial for methionine availability, nucleotide synthesis, and

methylation reactions (Koklesova et al., 2021). Elevated serum

homocysteine levels have been identified as a risk factor

for several neurological and psychiatric disorders, including

cognitive impairment (Zhou et al., 2021), dementia (Chen et al.,

2020), and bipolar disorders (Salagre et al., 2017), and they have

been shown to have direct neurotoxicity and to induce oxidative

stress and mitochondrial dysfunction, both of which are

implicated in ASD (Frye et al., 2013a; Balachandar et al., 2021).

These observations have raised questions regarding whether

elevated serum homocysteine is a biomarker or a therapeutic

target of ASD. However, previous observational studies

generated contrasting results, with some showing significant

positive associations (Altun et al., 2018; Chen et al., 2021) and

others showing no associations (Main et al., 2015; Saha et al.,

2022). More importantly, no studies assessed the specific shape

of this association while controlling for confounding factors that

might affect the serum concentrations of homocysteine such as

age, sex, and the use of vitamin supplements. All these factors

might lead to some bias and preclude an exhaustive evaluation

of the role of homocysteine in ASD. Also, prior studies did not

fully examine the relationship between homocysteine levels and

clinical severity of ASD symptoms and neurodevelopment in

children with ASD.

In addition, levels of homocysteine are inversely correlated

with levels of folate and vitamin B12 in the blood (Refsum

et al., 2004), which are cofactors for the folate-dependent

methylation of homocysteine to methionine (Škovierová et al.,

2016) and are required for the synthesis of both phospholipids

and myelin, and are crucial for the normal functioning of the

brain (Hassan et al., 2019). Folate and vitamin B12 deficiencies

have been linked to cognitive impairment (Dror and Allen,

2008; Michelakos et al., 2013) and ASD (Al-Farsi et al.,

2013; Li et al., 2021). Moreover, 38% of children with ASD

have cerebral folate deficiency syndrome (Rossignol and Frye,

2021a), which is a new emerging group of syndromes that

are characterized by low cerebral folate levels under normal

blood folate levels. The most common cause of low cerebral

folate in this syndrome is the presence of folate receptor

autoantibodies that can block folate transport across the blood–

brain barrier to the brain and thus influence the development of

the central nervous system (Ramaekers et al., 2005; Bobrowski-

Khoury et al., 2021). Animal models demonstrated that a

decrease in brain folate resulted in homocysteine accumulation

and changes in neuronal excitability and maintenance, which

contributed to the development of cognitive deficits (Kruman

et al., 2005; Mann et al., 2018). Furthermore, owing to

gastrointestinal disorders and/or picky eating (Sharp et al.,

2013), children with ASD often have inadequate dietary

intakes, leading to severe vitamin B12 and folate deficiencies

(Ranjan and Nasser, 2015), which might further increase serum

homocysteine levels and worsen autism symptoms. It can thus

be debated whether it is low levels of folate or vitamin B12

that play an important role in the etiology of ASD. Thus,

more extensive well-designed studies are needed to clarify

this association.

The primary aim of the present study was to

comprehensively investigate the relationship of homocysteine

levels with the risk and clinical severity of ASD and its potential

role as a diagnostic marker of the risk of developing ASD or for

predicting the severity of ASD, which may pave the way for new

therapeutic strategies for ASD. Owing to the interrelatedness of

homocysteine, folate, and vitamin B12 levels as discussed earlier,

we additionally examined the associations between serum folate

and vitamin B12 levels and the risk and severity of ASD.

Methods

Participants

In this case–control study, 135 patients who were diagnosed

with ASD were consecutively recruited from the inpatient

department of the Third Affiliated Hospital of Zhengzhou

University from August 2019 to November 2021. The inclusion

criteria were age from 1 year to 6 years, patients having

completed questionnaires on diet and medical history, those

having anthropometric measurements recorded, and those not

having consumed vitamin B for more than 3 months prior to

the blood sample collection. Children with other developmental

disorders or psychiatric diseases such as Rett syndrome, cerebral

palsy, or chronic seizures were excluded from the study. A total

of 84 healthy individuals were recruited from the community

as volunteers with their parents’ consent, and these individuals

had no physical or neurological disorders and had not received

vitamin B supplementation in the previous 3 months. This study

was designed and conducted in accordance with the Declaration

of Helsinki. All subjects were recruited during the same period,

and written informed consent was obtained from the primary

caregivers of all participants. The study protocol was approved
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by the ethics committee of the Third Affiliated Hospital of

Zhengzhou University (Approval # 2020-126-01).

Data collection

Information on demographics, dietary preference for meat

and vegetables, medical history, and family or personal history

from the two groups of children was collected by well-

trained nurses using a pre-tested questionnaire. Anthropometric

assessments were performed by trained health professionals

following a standardized protocol. The body mass index (BMI)

was calculated and expressed as kg/m2. The z-score of BMI-

for-age (ZBMIA) was calculated, and overweight was defined

as a ZBMIA > 2 according to the WHO criteria (WHO, 2008).

Information on the history of vitamin supplements was recorded

because this could affect the participants’ levels of homocysteine,

folate, and vitamin B12.

Diagnosis and behavioral assessments

Children in the ASD group were diagnosed by using the

Diagnostic and Statistical Manual of Mental Disorders, 5th

Edition (Regier et al., 2013) for the first time without systemic

intervention, and ASD symptoms were assessed by using the

Childhood Autism Rating Scale (CARS) by two experienced

psychiatrists (Schopler et al., 1980). CARS is an assessment

scale of the severity of autistic symptomatology and consists

of 15 items that are rated on a four-point scale, and the

higher the score, the more severe the symptoms. Children

with scores between 30 and 36 are considered to having

mild to moderate autism, and those with scores between 37

and 60 are considered severe autism. Neurodevelopmental

levels of children with ASD were evaluated using the Gesell

Developmental Schedules (GDS), which have been widely used

to evaluate the development of children aged from 16 days

to 6 years (Liu et al., 2016, 2022). The GDS include five

subscales, namely, adaptive, gross motor, fine motor, language,

and personal–social behavior. The developmental quotient

(DQ) of the five domains was used to evaluate the level of

neurodevelopment, and a DQ ≤ 75 for two or more subscales

of the GDS indicates a developmental delay.

Sample collection and measurements

A measure of 2mL of venous blood was drawn into a

serum separation tube and immediately centrifuged (1,500 ×

g for 5min) to separate the serum from the cells, after which

0.2mL of serum was pipetted into several vials and stored at

−80◦C until being assayed. Serum homocysteine levels were

measured using the enzyme cycling assay (Roche Diagnostics,

Cobas e 801, Switzerland), and serum folate and vitamin B12

levels were analyzed using automated electrochemiluminescence

immunoassays (Roche Diagnostics, Cobas 8000, Switzerland).

Statistics

Statistical analyses were performed using SPSS version 23

(SPSS Inc., Chicago, IL, USA), SAS version 14 (SAS Institute,

Cary, North Carolina, USA), and Stata version 12 (Stata

Corporation, College Station, TX, USA). The characteristics

of all the subjects are presented as numbers (percentages)

for categorical variables, as means ± standard deviations for

parametrically distributed variables or as medians (interquartile

ranges) for non-parametrically distributed variables. The

differences between the ASD group and control group were

analyzed by using the Student’s t-test or the Wilcoxon rank sum

test for comparisons of the continuous variables according to

the data distribution and by using the chi-squared tests for the

categorical variables. The Spearman correlation test was applied

to examine the correlations between serum homocysteine, folate,

and vitamin B12 levels and the neurodevelopmental level of

children with ASD.

Univariate and multivariate linear regression models were

applied to compare serum homocysteine, folate, and vitamin

B12 levels between the ASD group and the control group.

The confounding factors adjusted in the multivariate linear

regression models were as follows: model 1 included age, sex,

BMI, picky eating, and use of vitamins, and model 2 included all

the covariates in model 1 and was additionally adjusted for the

combined effects of serum homocysteine, folate, or vitamin B12

levels, which were included in the linear model as continuous

variables and were natural logarithm-transformed in order to

meet normal distribution.

Multivariable regression analysis models were used to

assess the correlations between serum homocysteine and folate

levels and the severity of ASD symptoms in children with

ASD after adjusting for age, sex, BMI, picky eating, use

of vitamins, and serum homocysteine, folate, or vitamin

B12 levels (continuous, ln-transformed). The trends across

the quartiles of serum homocysteine and folate levels were

tested by treating the quartiles as a continuous variable

and assigning the midpoint concentration for each quartile.

The RCS model was used to show the shape of these

associations between homocysteine levels and ASD and between

homocysteine and folate levels and the severity of ASD

symptoms, respectively. Spearman’s correlation analysis and

multivariate linear regression models were used to assess the

relationship between serum homocysteine, folate, and vitamin

B12 levels and neurodevelopmental outcomes in children

with ASD.

Cumulative frequency distributions were calculated to show

the distribution of serum homocysteine levels in children with
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TABLE 1 General characteristics of the participants in the study.

Variables Total population

(n = 219)

ASD

(n = 135)

Controls

(n = 84)

p-value

Age, years 3.25 (3.00,3.83) 3.25 (2.75,4.25) 3.33 (3.50,3.00) 0.647

≤ 3 82 (37.4) 55 (40.7) 27 (32.1) 0.251

>3 137 (62.6) 80 (59.3) 57 (67.9) –

Men, n (%) 181 (82.60) 117 (86.70) 64 (76.20) 0.066

BMI, kg/m2 16.09± 1.90 16.39± 1.90 15.59± 1.81 <0.001

ZBMIA 0.38± 1.40 0.65± 1.33 −0.05± 1.40 0.001

Overweight 26 (11.87) 23 (9.6) 3 (3.6) 0.002

Developmental delay, n (%) 115 (52.51) 115 (85.2) 0 –

Picky eating, n (%) 97 (44.29) 77 (79.40) 20 (20.60) 0.001

Resistance to vegetables, n

(%)

70 (31.96) 57 (81.4) 13 (18.6) <0.001

Resistance to meats,

n (%)

36 (16.44) 27 (75.0) 9 (25.0) 0.091

Resistance to fruits,

n (%)

14 (6.40) 11 (78.60) 3 (21.40) 0.258

History of taking vitamins, n

(%)

86 (39.27) 71 (82.6) 15 (17.4) <0.001

Severity of ASD, n (%)

Mild to moderate 65 (29.68) 65 (48.1) 0 –

Severe 70 (31.96) 70 (51.9) 0 –

Hcy, µmol/L 6.68 (5.30, 7.95) 7.50 (6.70, 8.90) 5.15 (4.49, 6.03) 0.005

Folate, nmol/L 29.3 (19.6, 37.7) 27.6 (17.6, 34.8) 31.4 (23.5, 40.5) 0.003

VitB12, pmol/L 583 (415, 772) 530 (369, 708) 649 (478, 839) 0.005

BMI, body mass index; ZBMIA, z score for BMI-for-age; ASD, autism spectrum disorder; Hcy, homocysteine; VitB12, vitamin B12. Overweight is defined as a ZBMIA > 2. Data are

presented as number (percentage) for categorical data, mean ± standard deviation for parametrically distributed data, or median (interquartile range) for non-parametrically distributed

data. Student’s t-test or the Wilcoxon rank sum test was used for comparison of the continuous variables according to the data distribution, and chi-square tests were used for the

categorical variables.

ASD and healthy controls. Finally, the predictive value of

serum homocysteine, folate, and vitamin B12 levels and their

combination for developing ASD was analyzed by receiver

operating characteristic (ROC) analysis. A two-tailed p-value

<0.05 and a 95% CI not covering the null value were considered

statistically significant for all analyses.

Results

Characteristics of the participants

The general characteristics and serum homocysteine, folate,

and vitamin B12 concentrations of the study population are

shown in Table 1. There were no significant differences in age

or sex between the children with ASD and healthy controls

(p > 0.05). The children with ASD had significantly higher

values of BMI (16.39 ± 1.90 vs. 15.59 ± 1.81) and a higher

prevalence of overweight (9.6 vs. 3.6%), food selectivity (79.4

vs. 20.6%), resistance to vegetables (81.4 vs. 18.6%), and history

of taking vitamins (82.6 vs. 17.4%) than the healthy controls.

Moreover, 51.9% of the children with ASD had severe symptoms

of ASD, and 85.2% had developmental delays. The serum levels

of homocysteine were significantly higher (p = 0.0048) in the

ASD group than in the control group, while the serum levels of

folate (p= 0.003) and vitamin B12 (p= 0.0048) were lower in the

ASD group (Figure 1A). The Spearman correlation coefficient

(rs) between serum homocysteine and folate was −0.560 and

that for vitamin B12 was−0.318 (Figure 1B).

Association of serum homocysteine,
folate, and vitamin B12 levels in children
with ASD

We used linear regression models to analyze the correlation

of serum homocysteine, folate, and vitamin B12 with ASD. As

seen in Figure 2 and Supplementary Table 1, after adjusting for

age, sex, BMI, picky eating, and history of use of vitamins in

model 1, high levels of serum homocysteine (β: 0.370; 95% CI:

0.299 ∼ 0.441, p < 0.001) and low levels of serum folate (β:
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FIGURE 1

Serum Hcy, folate, and VitB12 levels di�er between children with ASD and healthy controls. (A) Comparison of Hcy, folate, and VitB12 levels

between the two groups. (B) Correlations between serum Hcy, folate, and VitB12 levels in children with ASD. Results are presented as Spearman

correlation coe�cients (rs) and p-values. Hcy, homocysteine; VitB12, vitamin B12.

−0.238; 95% CI: −0.369 ∼ −0.107, p < 0.001) and vitamin

B12 (β: −0.188; 95% CI: −0.327 ∼ −0.048, p = 0.009) were

significantly associated with ASD. Notably, increased levels of

serum homocysteine (β: 0.299; 95% CI: 0.235 ∼ 0.363, p <

0.001) remained significantly correlated with ASD even after

successively adjusting for serum folate and vitamin B12 levels

in model 2. However, the associations between low serum folate

levels and vitamin B12 levels were no longer significant after

adjusting for all confounding variables in model 2.

The cumulative frequency distribution of serum

homocysteine concentrations in the ASD and control groups is

shown in Figure 3A. There was a clear distinction between the

two groups, and there was a marked increase in the distribution

of the homocysteine concentration in children with ASD

compared with healthy controls. Furthermore, in the subgroup

analyses, sex, age (≤ 3 years vs.> 3 years), ZBMIA (≤ 2 vs.> 2),

dietary preference for meat and vegetables, and use of vitamins

in the children with ASD all exhibited significantly higher serum

homocysteine levels than healthy controls for each covariate (all

p < 0.05, Figures 3B–I).

The ROC analysis of serum
homocysteine, folate, and vitamin B12 to
distinguish children with ASD from
healthy controls

The optimum cutoff points for serum homocysteine, folate,

and vitamin B12 levels were set at the maximum value of the

Youden index. These values are presented in Figure 4, along

with the area under the ROC curve (AUC), sensitivity and

specificity in detecting ASD, and the associated p-values. The

AUC of homocysteine was 0.899 (95% CI: 0.859 ∼ 0.939),

and the cutoff was 6.69 µmol/L (sensitivity: 77%, specificity:

89%), which indicated a relatively high discrimination ability.
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FIGURE 2

Multivariate linear logistic regression analysis for the associations between serum Hcy, folate, and VitB12 levels and ASD. Colored points

represent the adjusted regression coe�cient (β), and horizontal lines represent the 95% CI. “Crude” means no adjustment. Model 1 was adjusted

for age, sex, BMI, picky eating, and use of vitamins. Model 2 was adjusted for model 1 and the other two metabolites. Hcy, homocysteine;

VitB12, vitamin B12.

Because the AUCs of folate and vitamin B12 were 0.646 and

0.615, respectively, they could not differentiate the children with

ASD from the healthy controls. Furthermore, the AUCs of the

combination of homocysteine and folate with or without vitamin

B12 were both 0.902, which was slighter higher than the AUC

of serum homocysteine alone, thus showing better diagnostic

ability. This indicates that the diagnostic performance of serum

homocysteine alone was equivalent to that of the combination of

the three biomarkers, suggesting that homocysteine alone might

be a potential biomarker for ASD.

Association of serum homocysteine,
folate, and vitamin B12 levels with ASD
severity

The baseline demographic, clinical, and laboratory

characteristics of the children with ASD grouped by the severity

of ASD symptoms according to CARS scores are given in

Table 2. The median values of serum homocysteine levels

increased significantly across the groups of ASD severity, while

the median values of serum folate levels decreased significantly

across the groups of ASD severity. No significant differences

in age, sex, BMI, food selectivity, history of birth asphyxia, or

other clinical characteristics were observed between the two

groups (p > 0.05). In addition, we further analyzed the impact

of age, sex, BMI, dietary habits, and comorbidity on serum

homocysteine and folate levels in children with ASD. As seen in

Supplementary Figure 1, serum homocysteine (rs = 0.334, p <

0.001) and folate levels (rs =−0.438, p < 0.001) were associated

with age, and children with ASD older than 3 years exhibited

higher serum homocysteine and lower folate levels than children

with ASD younger than 3 years (p < 0.05). Interestingly, serum

folate levels were lower in children with ASD who resisted

vegetables and who did not take vitamins before this analysis

(p < 0.05, Supplementary Figure 2). No significant correlations

were found for serum homocysteine with dietary preferences in

children with ASD.

According to the aforementioned results, a further multiple

logistic regression analysis was carried out to analyze the
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FIGURE 3

Serum homocysteine (Hcy) levels in children with ASD and controls. (A) Cumulative frequency distributions of Hcy levels in both groups. (B–I)

Serum Hcy levels were stratified by age, sex, BMI, food selectivity, and use of vitamins. In both groups, there were significant di�erences

between serum Hcy levels in children with ASD for each covariate (***p < 0.001). Hcy, homocysteine; VitB12, vitamin B12.

correlation between serum homocysteine and folate levels and

ASD symptom severity (Figure 5). After adjusting for age, sex,

BMI, picky eating, and use of multivitamins (model 1), the

highest homocysteine quartile was independently associated

with the severity of ASD (OR: 11.769, 95% CI: 1.207 ∼ 114.784)

compared with the lowest homocysteine quartile. However, the

correlation between the highest homocysteine quartile and ASD

symptom severity was no longer significant after additionally

adjusting for serum folate and vitamin B12 levels inmodel 2. The

multivariate-adjusted OR (95% CI) of ASD severity was 7.116

(1.954 ∼ 25.910) for serum folate levels when comparing the

lowest versus the highest quartile, and the relationships were still

significant after adjustment for all of the confounding factors in

model 2 (OR: 4.227, 95%CI: 1.022 ∼ 17.488). The linear model

also showed a negative association of the serum folate level with

ASD severity (p-trend < 0.05).

Because we found that folate concentrations were associated

with age in children with ASD, an age-stratified analysis was
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FIGURE 4

ROC analysis of Hcy, folate, and VitB12. The AUCs of the ROC curves for (A) Hcy, (B) folate, and (C) VitB12 were 0.899 (***p < 0.001), 0.646 (p =

0.230), and 0.615 (***p < 0.001), respectively. The AUCs of the ROC curves for (D) Hcy+folate+VitB12, (E) Hcy+folate, (F) Hcy+VitB12, and (G)

folate+VitB12 were 0.902 (***p < 0.001), 0.902 (***p < 0.001), 0.895 (***p < 0.001) and 0.655 (***p < 0.001), respectively. (H) Coordinates of

ROC curve for Hcy, folate, and VitB12 to discriminate ASD from heathy controls. Hcy, homocysteine; VitB12, vitaminB12.

performed to moderate the confounding effect of age. The

results showed that serum folate levels were negatively but

not strongly associated with the severity of ASD in both age

groups. Serum folate levels in the younger age group (≤ 3

years) showed a higher tendency for the risk of severe ASD

(Supplementary Table 2).

The RCS analysis of serum homocysteine,
folate, and vitamin B12 levels and ASD
risk and severity

As seen in Figure 6, a positive linear association was

observed between the serum homocysteine concentration and
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TABLE 2 Baseline characteristics of patients with ASD grouped by severity of clinical symptoms according to CARS.

Variables Total

(n = 135)

CARS < 36

(n = 65)

CARS ≥ 36

(n = 70)

p-value

Age, years 3.25 (2.75–4.25) 3.25 (2.75–3.96) 3.29 (2.67–4.50) 0.346

Male, n (%) 117 (86.7) 56 (86.2) 61 (87.1) 1.0

BMI, kg/m2 16.39 (1.90) 16.56 (2.05) 16.24 (1.75) 0.34

Overweight, n (%) 23 (17.0) 14 (21.5) 9 (12.9) 0.252

History of birth asphyxia, n (%) 19 (14.1) 10 (15.4) 9 (12.9) 0.805

Natural labor, n (%) 61 (45.2) 33 (50.8) 28 (40) 0.229

Birth weight, kg 3.30 (3.10–3.60) 3.30 (2.95–3.58) 3.30 (3.10–3.70) 0.141

History of neonatal care, n (%) 15 (11.1) 8 (12.3) 7 (10.0) 0.786

Siblings≥1, n (%) 71 (52.6) 30 (46.2) 41 (58.6) 0.170

Breast-fed, n (%) 95 (70.4) 45 (69.2) 50 (71.4) 0.851

Severe jaundice, n (%) 11 (8.1) 8 (12.3) 3 (4.3) 0.118

Picky eating, n (%) 77 (57.0) 38 (58.5) 39 (55.7) 0.862

Resistance to vegetables, n (%) 57 (42.2) 25 (38.5) 32 (45.7) 0.486

Resistance to meats,

n (%)

27 (20.0) 14 (21.5) 13 (18.6) 0.674

Resistance to fruits,

n (%)

11 (8.1) 8 (12.3) 3 (4.3) 0.118

History of taking vitamins, n (%) 71 (53.4) 34 (54.0) 37 (52.9) 1.0

Developmental delay,

n (%)

115 (85.2) 54 (83.1) 61 (87.1) 0.629

Language regression,

n (%)

15 (11.1) 6 (9.2) 9 (12.9) 0.590

Hcy, µmol/L 7.5 (6.70–8.90) 7.1 (6.20–8.32) 8.24 (7.30–9.51) 0.005

Folate, nmol/L 27.6 (17.6–34.8) 30.6 (20.0–39.4) 22.3 (15.6–29.5) 0.001

VitB12, pmol/L 530 (369–70) 587 (408–783) 444 (342–676) 0.140

BMI, body mass index; Hcy, homocysteine; VitB12, vitamin B12; ASD, autism spectrum disorder; CARS, Childhood Autism Rating Scale.

the risk of ASD (poverall < 0.001, pnonlinearity = 0.182), while

serum folate levels showed a negative linear association with the

risk of ASD (poverall = 0.003, pnonlinearity = 0.086). In addition,

the results of RCS regression of ASD severity showed similar

linear relationships between serum homocysteine (poverall =

0.025, pnonlinearity = 0.689) and folate (poverall = 0.018,

pnonlinearity = 0.910) and severity of ASD symptoms. No

association was observed between serum vitamin B12 levels and

ASD risk (poverall > 0.05, pnonlinearity = 0.732).

Associations of serum homocysteine,
folate, and vitamin B12 levels with
neurodevelopment in children with ASD

We performed the Spearman correlation analysis to identify

the relationship between serum homocysteine, folate, and

vitamin B12 levels and Gesell DQ scores in children with ASD.

As seen in Supplementary Figure 3, the serum homocysteine

level was negatively correlated with adaptive behavior DQ (rs
= −0.181, p = 0.05) and gross motor DQ (rs = −0.216, p

= 0.019). Serum folate levels were positively correlated with

adaptive behavior DQ (rs = 0.365, p < 0.001), gross motor

DQ (rs = 0.349, p < 0.001), fine motor DQ (rs = 0.211, p =

0.027), language DQ (rs = 0.229, p = 0.016), and personal–

social DQ (rs = 0.186, p = 0.052). Serum vitamin B12 levels

were positively correlated with adaptive behavior DQ (rs =

0.323, p = 0.001), gross motor DQ (rs = 0.246, p = 0.009),

and language DQ (rs = 0.192, p = 0.044). The associations

between serum homocysteine, folate, and vitamin B12 levels

and adaptive behavior, gross motor, fine motor, language, and

social behavior DQs in the multiple linear regression model are

shown in Supplementary Table 3 and Figure 7. Serum folate (β=

8.687, 95% CI: 0.217∼17.158) and vitamin B12 (β = 8.320, 95%

CI: 0.940∼15.70) levels were significantly positively related to

the adaptive behavior DQ. No significant association was found

between homocysteine and Gesell DQ scores. Stratified analyses

by age showed that serum vitamin B12 was positively related

to adaptive behavior (β = 16.476, 95% CI: 5.076∼27.876) and
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FIGURE 5

Multiple logistic regression analysis for the associations between serum Hcy and folate and severity of ASD. Model 1 was adjusted for age, sex,

BMI, picky eating, and use of vitamins. Model 2 was adjusted for model 1 and the other two metabolites. Red diamonds represent the adjusted

OR, and horizon lines represent 95% CI. P-values for the trend test (p-trend) were obtained from the multiple logistic regression models by using

the median of each parameter quartile (ln-transformed serum homocysteine and folate concentrations) as a continuous variable. Hcy,

homocysteine.
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FIGURE 6

RCS regression analysis of serum Hcy and folate concentrations with ASD risk and severity. The risk estimates for ASD risk (A,B) and severity

(C,D) were adjusted for age, sex, BMI, picky eating, use of vitamins, and the other two metabolites. Lines represent adjusted odds ratios (solid red

lines) and 95% CIs (long dashed lines) based on the RCS models for the ln-transformed concentrations of serum Hcy and folate. The reference

values were set at the 25th percentiles, and the knots were set at 5th, 25th, 50th, 75th, and 95th percentiles of the ln-transformed

concentrations, respectively. Hcy, homocysteine; VitB12, vitamin B12.

language (β = 15.186, 95%CI: 1.581∼28.791) DQs in children

aged >3 years (Supplementary Table 4).

Discussion

Numerous epidemiological studies reported a connection

between homocysteine/folate/vitamin B12 and ASD, but there

has been a lack of adequate controls for confounding variables,

a large sample size, and rigorous statistical analyses that

might influence the interpretation of the results. As far as we

know, this is the first study to comprehensively evaluate the

interrelations between serum homocysteine, folate, and vitamin

B12 levels and their associations with the clinical outcomes

and severity of ASD after adjusting for known confounding

variables such as age, sex, BMI, use of vitamins, and dietary

preference. We further confirmed whether this association

between homocysteine/folate/vitamin B12 levels and ASD is

linear or nonlinear.

Our findings from this study strengthen the evidence that

increased homocysteine is associated with ASD linearly and

may serve as a novel and sensitive biomarker for distinguishing

children with ASD from healthy subjects. The finding that serum

homocysteine was higher in children with ASD was robust

after adjustment for relevant covariates, which was in line with

a recently published meta-analysis that examined 31 articles

involving 3304 subjects (Guo et al., 2020a). The difference in

serum homocysteine levels between children with ASD and

healthy controls was stable and was not changed by clinical

characteristics such as age, sex, or eating habits. In addition,

our study revealed that homocysteine showed a good diagnostic

ability to discriminate children with ASD from healthy controls.

Overall, homocysteine could be considered a stable biomarker to

predict ASD risk prior to the onset of behavioral abnormalities.
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FIGURE 7

Multiple linear regression for adaptive behavior, gross motor, fine motor, language, and personal–social behavior DQs with serum folate and

VitB12 concentrations. Colored points represent the adjusted regression coe�cient (β), and horizontal lines represent 95% CI adjusted for age,

sex, BMI, picky eating, use of vitamins, and the other two metabolites. VitB12, vitamin B12.

To date, few epidemiological studies focused on the specific

shape of relationships between homocysteine and ASD. Our

results identified a linear association between homocysteine

and ASD, which could be in part explained by previously

reported in vitro experiments showing that higher homocysteine

levels exhibited neurotoxicity in a dose-dependent manner (Fan

et al., 2017). Regarding the potential biological mechanisms

supporting these findings, emerging evidence suggests that

impaired homocysteine metabolism is linked to induced

oxidative stress, mitochondrial impairment, and methylation

impairment, all of which are involved in autism pathology

(Rossignol and Frye, 2014). Moreover, elevated homocysteine

levels have been found to show toxic effects on the nervous

system and accumulate in the brain of animals, resulting

in abnormal brain energy metabolism, neural or cognitive

dysfunction, and behavioral alterations (Dos Santos et al., 2019;

Wyse et al., 2020).

On the other hand, the optimal cutoff value for serum

homocysteine levels to distinguish ASD was 6.69 µmol/L based

on the Youden index. As is well known, the cutoff value of

15 µmol/L for serum homocysteine levels is used to define

hyperhomocysteinemia (>15 µmol/L) in adults (Yang et al.,

2014), but this is not suitable for children because serum

homocysteine levels may differ between age groups (Setién-

Suero et al., 2016). We also observed an age difference in serum

homocysteine levels of the children with ASD. There is currently

no accepted cutoff value for elevated homocysteine levels in

children, but our results provide some evidence for developing

age-dependent homocysteine cutoff values.

Because serum folate and vitamin B12 levels are the

important determinants of homocysteine levels in children

(González-Gross et al., 2012) and are negatively associated

with homocysteine levels, which was also verified in our

studies, we examined the association of folate and vitamin

B12 levels with ASD. However, the finding that serum

folate and vitamin B12 levels were lower in the children

with ASD did not hold after additional adjustment for the

combined effects of homocysteine/folate/vitamin B12 levels,

which was in contrast to previous research (Zhu et al.,

2020). It is worth noting that higher homocysteine levels

were strongly and independently associated with ASD, but

not with folate and vitamin B12 levels, which could be

explained by several mechanisms involved in the disruption

of homocysteine metabolism. One intriguing possibility is

that cerebral folate deficiency under normal blood folate

levels caused by the impaired transport of folate across

the blood–brain barrier (Frye et al., 2013c; Ramaekers

et al., 2020), leads to homocysteine accumulation (Ramaekers

et al., 2014). Another possible reason is that homocysteine

levels are strictly controlled by two metabolic pathways
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(Azzini et al., 2020), of which dysfunction in folate-independent

remethylation and transsulfuration pathways, but not in folate

and vitamin B12-dependent pathways, leads to elevated serum

homocysteine concentrations. Human and animal experiments

have reported an association between dysfunction in folate-

independent pathways and increased homocysteine levels. One

experiment in an animal model of ASD showed elevated

serum homocysteine concentrations due to decreased betaine

homocysteine methyltransferase expression, which is one of

the folate-independent remethylation-related enzymes (Huang

et al., 2019). An open-label trial in children with ASD who were

treated with folic acid and methylcobalamin showed that excess

intake of folate and vitamin B12 did not significantly change

homocysteine levels (James et al., 2009). Other factors like

MTHFR gene mutations can also induce elevated homocysteine

without folate or B12 deficiency in children with ASD (Paşca

et al., 2009).

Only a few studies examined the association between serum

homocysteine, folate, and vitamin B12 and the severity of ASD,

as evaluated by CARS scores, and these studies consistently

lacked clinical characteristics and nutritional factors as control

covariates. Some studies (Han et al., 2015; Altun et al., 2018),

but not all (Guo et al., 2020b; Li et al., 2021), showed that high

levels of homocysteine and low levels of folate and vitamin B12

are associated with ASD severity. Such data would be of interest

to determine if the three metabolites can be used as markers

for ASD severity. Our analyses demonstrated that children with

severe ASD symptoms had a higher mean homocysteine level

but a lower mean folate level than children with mild ASD

symptoms, but no significant difference in serum vitamin B12

levels was observed between the two groups. Moreover, we also

observed a negative association between folate levels and the

severity of ASD independent of confounding factors. Recent

findings of greater improvement in autism symptoms following

folate supplementation in children with ASD partly support

our results (Sun et al., 2016; Hoxha et al., 2021). In addition,

ASD symptoms may vary between age groups (Guthrie et al.,

2013), and serum folate levels were associated with age and

were relatively higher in children aged ≤ 3 years, which was

consistent with some previous studies (González-Gross et al.,

2012; Li et al., 2021). Our age-stratified analysis suggested that

folate deficiency at younger ages might lead to a higher risk of

severe ASD, which might be associated with the role of folate

in the formation of synapses, which peaks before the age of

3 years (Nelson, 2007). Furthermore, we observed a strong,

linear, and independent association between low folate levels

and ASD severity in RCS models, indicating that serum folate

might act as a predictor for ASD severity. An in vitro study

has also suggested that folate had a dose-dependent protective

effect on neurons (Chen et al., 2013). In summary, although no

significant differences in folate levels between children with ASD

and healthy children were found in our study, children with ASD

had folate deficiencies on a larger scale, which were related to

autism symptoms. Thus, high folate concentrations, especially

in children younger than 3 years, may be a protective factor

against autism.

Previous epidemiological research mainly explored the

relationship between homocysteine, folate, and vitamin B12

and neurodevelopment in children with ASD using correlation

analyses (Guo et al., 2020b; Ljungblad et al., 2021). For

example, a previous study found that high homocysteine levels

were associated with motor scores using the Ages and Stages

Questionnaire in presumed healthy infants aged 3–7 months

(Ljungblad et al., 2021), which was in line with our results.

Another study found that folate levels were positively correlated

with Gesell DQ scores in children with ASD, but vitamin B12

levels were not significantly correlated with neurodevelopment

in children with ASD (Guo et al., 2020b). However, some

studies reported that decreased serum vitamin B12 levels were

correlated with neurodevelopment disorders (Kvestad et al.,

2017; Hope et al., 2020). These inconsistent results seem

to be related to heterogeneity in the methodological design.

Thus, by using a multiple linear regression model, we further

demonstrated that both serum folate and vitamin B12 levels

were positively associated with adaptive behavior in children

with ASD. Well-designed clinical trials have also indicated that

supplementation with vitamin B12 and folate can be beneficial

for neurodevelopment in children with ASD, especially in

adaptive behavior (Frye et al., 2013b; Rossignol and Frye,

2021b). Folate and vitamin B12 are crucial for normal neuron

function, and serious deficiencies of these vitamins might

directly affect brain function by disrupting myelination and

synapse formation during neural development in the brain

(Prado and Dewey, 2014). Notably, a higher vitamin B12 level

at age >3 years was associated with higher adaptive behavior

DQ and language DQ in children with ASD. James et al. also

reported that vitamin B12 supplementation in children with

ASD aged >3 years is effective in improving autism symptoms

(Adams et al., 2018). However, larger studies in future are

needed to verify these associations. This finding suggests that

serum folate and vitamin B12 concentrations are closely related

to cognitive functioning.

The major strength of our study was that multiple variable

regression models with confounder control were used to

assess the associations between serum homocysteine, folate,

and vitamin B12 levels and the outcomes and severity of

ASD. Moreover, RCS regression was used to analyze the

dose–response relationships of serum homocysteine, folate,

and vitamin B12 with ASD. In addition, diverse statistical

methods were applied to examine the utility of the three

parameters as multidimensional biomarkers for predicting

ASD risk prior to the onset of behavioral abnormalities or

for predicting the developmental trajectory of children with

ASD. However, there are some limitations to this study. First,

this study was a case–control study and could not directly

analyze the relative risk, thus limiting the attribution of
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causality in the results. Second, the sample numbers were

limited in the stratified analysis (sex, BMI, and dietary habits);

thus, the statistical efficiency was reduced and multivariate

analyses could not be performed. Thus, further longitudinal

studies with larger sample sizes and functional experiments

are necessary to verify the results of this study. Third, there

are still some confounding factors that were not considered,

such as genetic factors, types of vitamin supplementation,

and drug treatments, which might have biased our results.

Therefore, we cannot rule out residual confounding by

unmeasured factors.

In summary, this study showed that an increased

homocysteine level was associated with the risk of ASD in

a linear manner and is thus a novel diagnostic biomarker for

ASD. Decreased concentrations of folate and vitamin B12

were associated with poor clinical profiles of children with

ASD. Our findings suggest that serum homocysteine, folate,

and vitamin B12 can be used as biomarkers to predict the

development profile and clinical severity of children with ASD.

Homocysteine-lowering interventions or folate and vitamin B12

supplementation might be a viable treatment strategy for ASD.

However, additional research needs to confirm the observed

associations and to clarify if they may serve as new therapeutic

targets for ASD.
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Altun, H., Kurutaş, E. B., Sahin, N., Güngör, O, and Findikli, E. (2018). The levels
of vitamin D, vitamin D receptor, homocysteine and complex B vitamin in children
with autism spectrum disorders. Clin. Psychopharmacol. Neurosci. 16,383–390.
doi: 10.9758/cpn.2018.16.4.383

Frontiers inMolecularNeuroscience 14 frontiersin.org

https://doi.org/10.3389/fnmol.2022.947513
https://www.frontiersin.org/articles/10.3389/fnmol.2022.947513/full#supplementary-material
https://doi.org/10.3390/nu10030369
https://doi.org/10.1016/j.nut.2012.09.014
https://doi.org/10.9758/cpn.2018.16.4.383
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Li et al. 10.3389/fnmol.2022.947513

Azzini, E., Ruggeri, S., and Polito, A. (2020). Homocysteine: its possible
emerging role in at-risk population groups. Int. J. Mol. Sci. 21, 1421.
doi: 10.3390/ijms21041421

Balachandar, V., Rajagopalan, K., Jayaramayya, K., Jeevanandam, M., and Iyer,
M. (2021). Mitochondrial dysfunction: a hidden trigger of autism? Genes. Dis.
8,629–639. doi: 10.1016/j.gendis.2020.07.002

Bobrowski-Khoury, N., Ramaekers, V. T., Sequeira, J. M., and Quadros,
E. V. (2021). Folate receptor alpha autoantibodies in autism spectrum
disorders: diagnosis, treatment and prevention. J. Pers. Med. 11, 710.
doi: 10.3390/jpm11080710

Chen, L., Shi, X. J., Liu, H., Mao, X., Gui, L. N., Wang, H., et al. (2021).
Oxidative stress marker aberrations in children with autism spectrum disorder: a
systematic review and meta-analysis of 87 studies (N = 9109). Transl. Psychiat. 11,
15. doi: 10.1038/s41398-020-01135-3

Chen, S., Honda, T., Ohara, T., Hata, J., Hirakawa, Y., Yoshida, D., et al. (2020).
Serum homocysteine and risk of dementia in Japan. J. Neurol. Neurosurg. Psychiat.
91, 540–546. doi: 10.1136/jnnp-2019-322366

Chen, T. F., Tang, M. C., Chou, C. H., Chiu, M. J., and Huang, R. F. (2013).
Dose-dependent folic acid and memantine treatments promote synergistic or
additive protection against Aβ (25-35) peptide-induced apoptosis in SH-SY5Y cells
mediated by mitochondria stress-associated death signals. Food Chem. Toxicol. 62,
538–547. doi: 10.1016/j.fct.2013.09.015

Dos Santos, T. M., Siebert, C., De Oliveira, M. F., Manfredini, V., and Wyse,
A. T. S. (2019). Chronic mild hyperhomocysteinemia impairs energy metabolism,
promotes DNA damage and induces a Nrf2 response to oxidative stress in rats
brain. Cell Mol. Neurobiol. 39, 687–700. doi: 10.1007/s10571-019-00674-8

Dror, D. K., and Allen, L. H. (2008). Effect of vitamin B12 deficiency on
neurodevelopment in infants: current knowledge and possible mechanisms. Nutr.
Rev. 66, 250–255. doi: 10.1111/j.1753-4887.2008.00031.x

Fan, C. D., Sun, J. Y., Fu, X. T., Hou, Y. J., Li, Y., Yang, M. F., et al. (2017).
Astaxanthin attenuates homocysteine-induced cardiotoxicity in vitro and in vivo
by inhibiting mitochondrial dysfunction and oxidative damage. Front. Physiol. 8,
1041. doi: 10.3389/fphys.2017.01041

Frye, R. E., Delatorre, R., Taylor, H., Slattery, J., Melnyk, S., Chowdhury, N.,
et al. (2013a). Redox metabolism abnormalities in autistic children associated with
mitochondrial disease. Transl. Psychiat. 3, e273. doi: 10.1038/tp.2013.51

Frye, R. E., Melnyk, S., Fuchs, G., Reid, T., Jernigan, S., Pavliv, O., et al. (2013b).
Effectiveness of methylcobalamin and folinic acid treatment on adaptive behavior
in children with autistic disorder is related to glutathione redox status. Autism Res.
Treat 2013, 609705. doi: 10.1155/2013/609705

Frye, R. E., Sequeira, J. M., Quadros, E. V., James, S. J., and Rossignol, D. A.
(2013c). Cerebral folate receptor autoantibodies in autism spectrum disorder.Mol.
Psychiat. 18, 369–381. doi: 10.1038/mp.2011.175

González-Gross, M., Benser, J., Breidenassel, C., Albers, U., Huybrechts, I.,
Valtueña, J., et al. (2012). Gender and age influence blood folate, vitamin B12,
vitamin B6, and homocysteine levels in European adolescents: the Helena study.
Nutr. Res. 32, 817–826. doi: 10.1016/j.nutres.2012.09.016

Guo, B. Q., Li, H. B., and Ding, S. B. (2020a). Blood homocysteine levels
in children with autism spectrum disorder: an updated systematic review and
meta-analysis. Psychiatry Res. 291, 113283. doi: 10.1016/j.psychres.2020.113283

Guo, M., Li, L., Zhang, Q., Chen, L., Dai, Y., Liu, L., et al. (2020b). Vitamin
and mineral status of children with autism spectrum disorder in Hainan
province of China: associations with symptoms. Nutr. Neurosci. 23, 803–810.
doi: 10.1080/1028415X.2018.1558762

Guthrie, W., Swineford, L. B., Nottke, C., and Wetherby, A. M. (2013).
Early diagnosis of autism spectrum disorder: stability and change in clinical
diagnosis and symptom presentation. J. Child Psychol. Psychiat. 54, 582–590.
doi: 10.1111/jcpp.12008

Han, Y., Xi, Q. Q., Dai, W., Yang, S. H., Gao, L., Su, Y. Y., et al. (2015).
Abnormal transsulfuration metabolism and reduced antioxidant capacity in
Chinese children with autism spectrum disorders. Int. J. Dev. Neurosci. 46, 27–32.
doi: 10.1016/j.ijdevneu.2015.06.006

Hassan, Z., Coelho, D., Kokten, T., Alberto, J. M., Umoret, R., Daval, J. L., et al.
(2019). Brain susceptibility to methyl donor deficiency: from fetal programming to
aging outcome in rats. Int J. Mol. Sci. 20, 5692. doi: 10.3390/ijms20225692

Hope, S., Naerland, T., Høiland, A. L., Torske, T., Malt, E., Abrahamsen, T., et al.
(2020). Higher vitamin B12 levels in neurodevelopmental disorders than in healthy
controls and schizophrenia: a comparison among participants between 2 and 53
years. Faseb J. 34, 8114–8124. doi: 10.1096/fj.201900855RRR

Hoxha, B., Hoxha, M., Domi, E., Gervasoni, J., Persichilli, S., Malaj, V., et al.
(2021). Folic acid and autism: a systematic review of the current state of knowledge.
Cells. 10, 1976. doi: 10.3390/cells10081976

Huang, F., Chen, X., Jiang, X., Niu, J., Cui, C., Chen, Z., et al. (2019). Betaine
ameliorates prenatal valproic-acid-induced autism-like behavioral abnormalities
in mice by promoting homocysteine metabolism. Psychiatry Clin. Neurosci. 73,
317–322. doi: 10.1111/pcn.12833

James, S. J., Melnyk, S., Fuchs, G., Reid, T., Jernigan, S., Pavliv, O., et al.
(2009). Efficacy of methylcobalamin and folinic acid treatment on glutathione
redox status in children with autism. Am. J. Clin. Nutr. 89, 425–430.
doi: 10.3945/ajcn.2008.26615

Koklesova, L., Mazurakova, A., Samec, M., Biringer, K., Samuel, S. M.,
Büsselberg, D., et al. (2021). Homocysteine metabolism as the target for predictive
medical approach, disease prevention, prognosis, and treatments tailored to the
person. Epma J. 12, 1–29. doi: 10.1007/s13167-021-00263-0

Kruman, I. I., Mouton, P. R., Emokpae, R. Jr., Cutler, R. G., and Mattson, M. P.
(2005). Folate deficiency inhibits proliferation of adult hippocampal progenitors.
Neuroreport 16, 1055–1059. doi: 10.1097/00001756-200507130-00005

Kvestad, I., Hysing, M., Shrestha, M., Ulak, M., Thorne-Lyman, A. L., Henjum,
S., et al. (2017). Vitamin B-12 status in infancy is positively associated with
development and cognitive functioning 5 y later in Nepalese children. Am. J. Clin.
Nutr. 105, 1122–1131. doi: 10.3945/ajcn.116.144931

Lai, M. C., Lombardo, M. V., and Baron-Cohen, S. (2014). Autism. Lancet 383,
896–910. doi: 10.1016/S0140-6736(13)61539-1

Li, Q., Yang, T., Chen, L., Dai, Y., Wu, L. J., Jia, F. Y., et al. (2021). Serum
folate status is primarily associated with neurodevelopment in children with autism
spectrum disorders aged three and under-a multi-center study in China. Front.
Nutr. 8, 661223. doi: 10.3389/fnut.2021.661223

Liu, C., Huang, L., Huang, S., Wei, L., Cao, D., Zan, G., et al. (2022).
Association of both prenatal and early childhood multiple metals exposure with
neurodevelopment in infant: a prospective cohort study. Environ. Res. 205, 112450.
doi: 10.1016/j.envres.2021.112450

Liu, P., Wu, C., Chang, X., Qi, X., Zheng, M., and Zhou, Z. (2016). Adverse
associations of both prenatal and postnatal exposure to organophosphorous
pesticides with infant neurodevelopment in an agricultural area of Jiangsu
Province, China. Environ. Health Perspect. 124, 1637–1643. doi: 10.1289/EHP196

Ljungblad, U. W., Paulsen, H., Mørkrid, L., Pettersen, R. D., Hager, H.
B., Lindberg, M., et al. (2021). The prevalence and clinical relevance of
hyperhomocysteinemia suggesting vitamin B12 deficiency in presumed healthy
infants. Eur. J. Paediatr. Neurol. 35, 137–146. doi: 10.1016/j.ejpn.2021.10.008

Maenner, M. J., Shaw, K. A., Baio, J., Washington, A., Patrick, M., DiRienzo, M.,
et al. (2020). Prevalence of autism spectrum disorder among children aged 8 years
- autism and developmental disabilities monitoring network, 11 sites, united states,
2016.MMWR Surveill Summ. 69, 1–12. doi: 10.15585/mmwr.ss6904a1

Main, P. A., Thomas, P., Angley, M. T., Young, R., Esterman, A., King, C.
E., et al. (2015). Lack of evidence for genomic instability in autistic children as
measured by the cytokinesis-block micronucleus cytome assay. Autism Res. 8,
94–104. doi: 10.1002/aur.1428

Mann, A., Portnoy, E., Han, H., Inbar, D., Blatch, D., Shmuel, M.
et al. (2018). Folate homeostasis in epileptic rats. Epilepsy Res. 142, 64–72.
doi: 10.1016/j.eplepsyres.2018.03.014

Michelakos, T., Kousoulis, A. A., Katsiardanis, K., Dessypris, N., Anastasiou,
A., Katsiardani, K. P., et al. (2013). Serum folate and B12 levels in
association with cognitive impairment among seniors: results from the
VELESTINO study in Greece and meta-analysis. J. Aging Health 25, 589–616.
doi: 10.1177/0898264313482488

Nelson, C. A. (2007). A neurobiological perspective on early human deprivation.
Child Dev. Perspect. 1, 13–18. doi: 10.1111/j.1750-8606.2007.00004.x
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