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Background: Patients with early-onset schizophrenia usually exhibit more severe symp-
toms, revealing a potentially distinctive disease phenotype. Methylenetetrahydrofolate reduc-
tase (MTHFR) is a critical enzyme in folate conversion and methylation modification 
associated with the disease. We aimed to investigate the potential effects of MTHFR 
polymorphisms and related methylation patterns in patients with early-onset schizophrenia, 
which implies special phenotypes of schizophrenia.
Methods: In 177 patients with schizophrenia, MTHFR polymorphism at three sites (C677T, 
A1298C, and G1793A) and the Positive and Negative Syndrome Scale (PANSS) were tested. 
Differential methylation positions (DMPs) and enrichment of genes and related pathways 
were analyzed by testing the genomic methylation level. Catechol-O-methyltransferase 
(COMT), solute carrier family 6 member 4 (SLC6A4), neuregulin1 (NRG1), and brain- 
derived neurotrophic factor (BDNF) were selected to evaluate the methylation levels of 
specific CpG regions by pyrosequencing.
Results: Higher levels of symptom severity and MTHFR polymorphisms and lower levels of 
global DNA methylation in patients with early-onset schizophrenia were observed in this 
study. SLC6A4 was hypermethylated, and BDNF was hypomethylated in specific regions of 
patients with early-onset schizophrenia.
Conclusion: Aggravating symptoms, increased MTHFR polymorphisms, and reduced geno-
mic methylation levels may be characteristics and underlying mechanisms of early-onset 
schizophrenia, which implies a special disease phenotype. Beyond that, specific genes and 
biological pathways may imply the potential phenotype of schizophrenia.
Keywords: schizophrenia, phenotype, onset age, MTHFR, polymorphism, methylation

Introduction
Schizophrenia is one of the most severe psychiatric diseases characterized by 
a series of clinical syndromes, including abnormalities in cognition, thoughts, 
emotions, and behaviors. In 2013, schizophrenia was first classified by spectrum 
disorder in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition 
(DSM-5), which consists of schizoid disorder, delusion, schizophrenia-like disor-
der, schizophrenia, and schizoaffective disorder. It is explicit for us to realize the 
complexity of schizophrenia spectrum disorders. In clinical practice, schizophrenia 
is the most investigated type, resulting in high disability and social burden. To 
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better understand the pathogenesis of this disease and 
develop effective treatments, some of its phenotypes 
have been proposed as a category of symptoms, including 
paranoid, hebephrenia, catatonic, undifferentiated, and 
straightforward types. Another system divides schizophre-
nia into two types, types I and II, characterized by positive 
and negative symptoms. Generally, a related hypothesis 
supports the corresponding phenotypes of schizophrenia, 
such as dopaminergic divergence, in patients with type 
I and II schizophrenia.1

Schizophrenia usually attacks the youth stage, leading 
to significant retardation in growth and development, 
which causes a disability burden during the rest of 
a lifetime. It is critical to elucidate the molecular and 
clinical features of early-onset schizophrenia. 
Schizophrenia is often found to originate between ages 
of 10 and 30 years, while the periods of 10–20 and 20– 
30 years are two of the onset peaks, respectively.2 It is 
generally revealed that subjects with schizophrenia with 
earlier onset age (<20 years old) have more severe symp-
toms than patients with schizophrenia with other ages of 
onset.3 Retardant maturation has been observed in the 
brain regions of patients with early-onset schizophrenia, 
including the frontal and temporal lobes.4,5 Apart from 
clinical and histological analyses at the macroscopic 
level, molecular theories, including gene and related mod-
ifications, could be acquired with the special features of 
early-onset patients. For mature divergence in brain 
regions of patients with schizophrenia with different 
onset ages, neurodevelopmental disorders may exist in 
the pathogenesis of schizophrenia.6,7

As for human neurodevelopmental processes, folate is 
an essential substance that can prevent developmental dis-
orders, such as neural tube defects. MTHFR is a critical 
enzyme that regulates folate conversion and metabolism, 
thereby contributing to the intracellular biotransformation 
of folate. The enzyme activity of MTHFR has been 
reported to be impaired by gene polymorphisms at specific 
sites. The animal models and clinical features of schizo-
phrenia studies indicated that high MTHFR polymorphism 
might be associated with the elevation of disease risk and 
earlier onset age.8–11 However, some studies have con-
cluded that MTHFR polymorphism does not affect schizo-
phrenia risk or onset age.12,13 Although the conclusions 
between MTHFR and schizophrenia are inconsistent, the 
gene polymorphisms may contribute to the features of 
schizophrenia at different ages of onset. In addition to 
the alteration of MTHFR activity caused by gene 

polymorphisms, the methyl group supply downstream of 
folate conversion is affected, and the related methylation 
modification may be involved in the onset and clinical 
features of schizophrenia.14

Our study aimed to investigate the potential effects of 
MTHFR polymorphism and related methylation changes in 
patients with early-onset schizophrenia, which implies 
special phenotypes of schizophrenia (early-onset and 
adult-onset). This research provides a view of molecular 
variation in early-onset schizophrenia, which may contri-
bute to clinical judgment and treatment as a potential 
special phenotype of the disorder. There has been little 
research on the molecular exploration of patients with 
schizophrenia with divergent onset ages. In this process, 
the severity of symptoms, MTHFR polymorphisms, and 
methylation levels of both genome and schizophrenia- 
related genes in patients with schizophrenia at different 
ages of onset were explored. The enrolled polymorphic 
sites included the MTHFR activity and function-correlated 
variants of C677T (rs1801133), A1298C (rs1801131), and 
G1793A (rs2274976).15–17 As the gene polymorphisms in 
the folate metabolism pathway have a combined function 
characterized by multi-site effects,18 we tested both single- 
and multi-site polymorphisms of MTHFR. MTHFR and 
folate effects may be executed through the methylation 
modification process, affecting the expression levels of 
functional genes. Enrolled patients with the TT genotype 
of C677T (decrease in enzyme activity by 70%)15,16 and 
high Positive and Negative Syndrome Scale (PANSS) 
scores were selected to determine methylation levels.

Materials and Methods
Subjects
All procedures complied with the latest version of the 
Declaration of Helsinki. The source of the patient samples 
was from Beijing Clinical Data and Sample Database of 
Mental Disorders. The ethical committee approved the 
study project of the hospital, and informed consent was 
obtained for experimentation with human subjects. Written 
informed consent was obtained from the parents of the 
enrolled patients <18 years of age in this study. 177 
patients with schizophrenia (114 early-onset and 59 adult- 
onset) were enrolled at an average age of 24. The age of 
onset was defined as the first time that positive symptoms 
appeared, rather than negative symptoms or other non- 
psychotic symptoms. No significant difference was found 
in the demographic data of sex between patients at 
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different ages of onset. The demographic characteristics of 
the enrolled subjects are shown in Table 1.

The enrolled patients were diagnosed according to the 
DSM-V criteria for schizophrenia based on two experienced 
physicians’ judgment. The diagnostics was based on an inter-
view of MINI Adult revised by TCH 2012-12-10 
Information on demographics and PANSS scores were 
acquired. Two trained raters who were residents of psychiatry 
were involved in the assessment of PANSS. They were 
trained in a brief video-based training program. Participants 
performed a baseline PANSS rating based on a patient’s 
video being interviewed using the simplified positive and 
negative symptoms interview (SNAPSI). Subsequently, all 
participants were trained in five successive, standardized 
weekly sessions. The results were analyzed with respect to 
the conventional criteria of concordance with standard expert 
ratings and interrater reliability. After two weekly sessions, 
approximately 75% of the participants rated the acceptable 
deviations of the gold standard. All enrolled subjects were of 
Han Chinese ethnicity and were in the stationary phase with 
no acute attack in the last six months. Exclusion criteria 
included: psychotic disorder due to another somatic disorder 
(nervous or non-nervous systems); combined diagnosis with 
other psychiatric disease besides schizophrenia.

The medication was an important factor for PANSS 
scores and DNA methylation of the genes. We collected 
the names and subject amounts of different antipsychotic 
regimens in early- and adult- onset groups (Supplemental 
Table 1). Then by calculating the mean doses of each drug 
weighted by sample size, we divided them by the weighted 
mean olanzapine dose to obtain olanzapine equivalents. 
Based on the comparison of mean equivalents dosage 
between early- and adult- onset groups, there is no statis-
tical difference between them (Supplemental Table 2). As 
for other medication like Modified Electroconvulsive 
Therapy (MECT), it indicated that there was no statistical 
difference between the two groups (Supplemental 
Table 3).

Age is an important influencing factor on the concentration 
of folate and homocysteine. DNA methylation of genes is also 

different by age and antipsychotics. Then we performed ana-
lysis to adjust folate, homocysteine and methylation levels in 
age, and methylation level in antipsychotics, with considera-
tion of early- and late- onset schizophrenia. While no signifi-
cant correlation between antipsychotics or age and genomic 
methylation level of schizophrenic patients was found 
(Supplemental Table 4). No significant correlation was found 
between age and genomic methylation level of in schizophre-
nic patients of different onset age (Supplemental Table 5), and 
no significant difference was found in folate or Hcy levels 
between early- and adult-onset groups of schizophrenia 
(Supplemental Figure 1).

Peripheral Samples
Blood samples were collected from the psychiatric depart-
ment of the hospital. Blood components were isolated to 
obtain the white blood cells and serum. DNA samples 
were extracted from the white blood cells for polymorph-
ism and methylation assays. Other information was col-
lected apart from PANSS ratings, including gender, age, 
onset age, duration of disease, family history, and Clinical 
Global Impression (CGI).

MTHFR Polymorphism Assay
Three polymorphic sites of MTHFR, including C677T 
(rs1801133), A1298C (1801131), and G1793A 
(rs2274976), were tested using a TaqMan fluorescence 
probe in the ABI PRISM 7500 Sequence Detection 
System (Applied Biosystems, Foster City, CA, USA). 
PCR reaction condition: total volume of 25 μL system 
included Probe 0.63 μL, TaqMan Universal Master Mix 
II 12.5 μL (DNA Polymerase, Uracil-N glycosylase, 
dNTPs with dUTP, Passive Reference, Optimized buffer 
components), distilled water 6.87 μL, and 50 ng genomic 
DNA. The samples were pre-degenerated at 95°C for 10 
min, denatured for 35 cycles at 93°C for 40 s, and finally 
annealed/extended at 60°C for 1 min.

In addition to the single-site study of MTHFR poly-
morphisms, we also focused on the effects of multiple sites 
by calculating the total risk allele load, which may be 

Table 1 Demographic Characteristics of Enrolled Subjects

Onset Age Number† Mean Age‡ Onset Age Duration§

Early 114(55/59)¶ 16.1(16.6/15.8) 13.6(13.4/13.7) 30.5(32.7/28.4)
Adult 63(36/27) 42.3(41.2/43.4) 32.6(32.1/33.4) 130.0(130.1/128.7)

Notes: †No significant difference in sex frequency between patients with divergent onset ages; ‡No significant difference in mean age between patients with divergent onset 
ages; §Count in months; ¶Data in brackets (a/b) represent male and female patients, respectively.
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a more comprehensive way to reflect the function of 
MTHFR. By summing the number of risk alleles at the 
three polymorphic sites, the total risk allele number was 
acquired to evaluate each subject. We compared the dif-
ferent frequencies of the overall risk allele numbers among 
different age groups of onset to determine the relationship 
between MTHFR polymorphisms and the different origins 
of schizophrenia and related symptoms. At the same time, 
we explored the interaction between the potential effects 
of methylation in MTHFR and the age of onset.

Folate and Homocysteine (Hcy) Assay
Folate levels were tested using the Elecsys Folate III Kit 
and Chemiluminescence apparatus (Cobas 8000-E602, 
Roche). In contrast, Hcy levels were examined using the 
Hcy Assay Kit (Leadmanbio) and Chemistry Analyzer 
(AU5800 Series, Beckman Coulter) according to the man-
ufacturer’s instructions.

Genomic DNA Methylation Assay
Sixteen schizophrenia patients with the TT genotype of 
MTHFR C677T and PANSS scores higher than 60 were 
chosen for genomic DNA methylation determination. 
Approximately 500 ng of genomic DNA from each sample 
was used for sodium bisulfite conversion using the DNA 
Methylation Gold Kit (Zymo Research, USA) following 
the manufacturer’s standard protocol. According to the 
manufacturer’s instructions, genome-wide DNA methyla-
tion was assessed using the Illumina Infinium Human 
Methylation 850 K BeadChip (Illumina Inc., USA). The 
array data were analyzed using the ChAMP package in 
R software to determine the methylation level. The methy-
lation status of all probes was denoted as the β value, 
which is the ratio of the methylated probe intensity to 
the overall probe intensity. CpG sites with |Δβ| ≥ 0.20, 
between patients and controls, and an adjusted P-value ≤ 
0.05, were considered differentially-methylated sites. 
A CpG position was deemed to be hypermethylated if 
Δβ≥0.20, or hypomethylated if Δβ ≤ −0.20. The average 
β values of promoters and CpG islands were compared 
between the disease and normal groups.19

Gene-Specific Methylation Assay
For schizophrenia-related genes, including COMT, 
SLC6A4, NRG1, and BDNF, we analyzed six, four, 
seven, and six CpGs of their promoters. Through methyla-
tion modification, sulfite-modified DNA purification, 
methylation-specific PCR, and pyrosequencing assays, 

the DNA methylation levels at specific sites were quanti-
fied. Bisulfite treatment was conducted using the DNA 
Methylation Kit (Qiagen), and primers were designed by 
PSQ Assay Design (Qiagen). The tested sequences of 
these genes are listed below:

COMT: 5′-TGCCCGCCGCGCTGCCTGCGCCGGAC 
CGGGGCGGGTC-3′;

SLC6A4: 5′-CCCCGACACACACACACGCTCGCAG 
GGAGGAGCGGAGCGCGGA-3′;

NRG1: 5′-CGCTGGGTGGCCGCGGCGGCGACA 
GC-3′;

BDNF: 5′-CCGG CCCGGCTGGGGAGCGGAGCGC 
GGTCTCGGC-3′.

Statistical Analysis
The data were processed using GraphPad Prism 6.0c, 
SPSS statistics 24, and charts and diagrams were gener-
ated. The χ2 test was used to compare the differences in 
MTHFR polymorphism frequencies among patients with 
schizophrenia at different ages of onset. As there was 
column with less than five subjects, Fisher exact test was 
used to analyze. One-way analysis of variance (ANOVA) 
with post-hoc comparisons were used for symptoms and 
folate levels, as well as the Hcy analysis in patients at 
different ages of onset. Multiple linear regression was used 
to determine the multi-factor effects on the symptoms. In 
the methylation analysis of DMPs, empirical Bayes and 
linear regression were used to calculate the P-value and 
adjusted P-value (FDR) after Benjamin and Hochberg’s 
multiple tests. One-way ANOVA was used for genomic 
and gene-specific methylation analysis, whereas enrich-
ment analysis was used for gene ontology (GO) analysis. 
This process also contained hypergeometric distribution 
and Fisher tests, while correlated terms were acquired 
from the GO database (http://www.geneontology.org).19

Results and Statistical Analyses
Analysis of Onset Age Prediction
MTHFR Polymorphisms, Folate, and Hcy in Patients 
of Different Onset Ages
MTHFR genotypes distributed in Hardy–Weinberg equili-
brium for each group (p > 0.05) are shown in Table 2. 
Linkage disequilibrium was observed between the C677T 
and A1298C polymorphisms (R2 = 0.20, D’ = 1). Because of 
the non-random association of different loci, there may be 
interactions between C677T and A1298C in mutual allele or 
genotype frequency. We then focused on single and multiple 
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sites of MTHFR polymorphisms in patients with schizophre-
nia. For C677T, A1298C, and G1793A, there was no sig-
nificant difference in genotype or allele frequency among 
patients of different age groups. After gender stratification, 
neither male nor female patients with schizophrenia in these 
groups expressed a significantly different frequency of gen-
otype or allele. The overall risk allele number of poly-
morphic sites was tested, including C677T, A1298C, and 
G1793A, to elucidate the total risk allele load of multiple 
sites of MTHFR polymorphisms. The total risk allele number 
of the multi-site polymorphism model ranged from 0 to 6, 
while the number of enrolled subjects ranged from 0 to 3. 
A significantly higher number of total risk alleles was found 
in patients with early-onset schizophrenia (<20 years old) 
than in other age groups. There was no sex-specific differ-
ence in multi-site polymorphisms among the groups. 
Tables 2 and 3 show MTHFR polymorphisms in patients of 
different age groups and total risk allele number of MTHFR 
in patients with schizophrenia and controls, respectively.

Serum samples were used to determine folate and 
homocysteine levels. The results demonstrated that there 
was no significant difference in the levels of these two 
substances in patients of different ages of onset.

Symptoms in Patients of Different Ages of Onset
The analysis of the PANSS total, positive and negative scores 
of the patients indicated that the early-onset patients exhibited 
significantly higher scores relative to the results of other 
groups, consistent with the more severe symptoms observed 
in patients with early-onset schizophrenia. The subgroup ana-
lysis of both male and female patients further provided com-
parable results that onset in adolescents was accompanied by 
more severe symptoms. Figure 1 shows the PANSS scores in 
the early-onset group compared with the adult-onset group.

MTHFR Polymorphisms and Symptoms of 
Schizophrenia
The analysis of PANSS total, positive and negative 
scores indicated that these scores were positively corre-
lated with the multi-site polymorphisms of MTHFR, 
which only appeared in patients with early-onset schizo-
phrenia rather than in those with later ages of onset. No 
sex-specific differences were observed in this result. 
Figure 2 shows the correlation between PANSS and 
MTHFR polymorphisms in the early-onset and adult- 
onset groups.

Analysis of Symptom Prediction
Therefore, MTHFR polymorphisms have been found to 
be increased in patients with early-onset schizophrenia. 

Table 2 MTHFR Polymorphisms in Patients of Different Onset Ages

Sites C677T A1298C G1793A

CC CT TT C T AA AC CC A C GG GA AA G A

Early

Total 25 52 37 102 126 79 32 3 190 38 98 16 0 212 16

HWE 0.411 0.910 0.422

Adult

Total 15 29 19 59 67 52 10 1 114 12 58 5 0 121 5

HWE 0.481 0.379 0.678

χ2
Total

† 0.133 0.143 3.701 3.414 1.443 1.352

df 2 1 2 1 2 1

p 0.9358 0.7055 0.1572 0.0647 0.2296 0.2449

Note: †Comparison in genotype and allele frequencies of three polymorphisms in patients of different onset ages. 
Abbreviation: HWE, Hardy Weinberg Equilibrium.

Table 3 Total Risk Allele Number of MTHFR in Early- and Adult- 
Onset Schizophrenia

MTHFR Risk Allele No. 0 1 2 3

Early 12 31 59 12
Adult 10 28 21 4

χ2 = 8.386*,†, df=3, p=0.0387

Notes: *p<0.05; There was statistical difference on total risk allele number of 
MTHFR between early- and adult-onset groups; †Comparison in total risk allele 
number of MTHFR in patients with divergent onset ages.
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In contrast, this group of patients’ symptoms is often 
more severe than those of adult-onset patients. We 
further investigated the association between onset age 
and related metabolites (such as folate and Hcy) and 
PANSS scores of patients with schizophrenia. 
A multiple linear regression model was constructed to 
analyze their interaction by inputting onset age, folate, 
and Hcy levels as the independent variables and scores 
of symptoms as the dependent variable. As a result, 
earlier onset age was significantly associated with 
more severe symptoms, and folate levels were found to 
be significantly associated with PANSS total and PANSS 
positive in the early-onset group. Table 4 shows the 
correlation of multiple factors, including folate, Hcy, 
onset age, and PANSS. After that, the single linear 
regression of PANSS scores and metabolites, including 
folate and Hcy, showed that folate level was 

significantly negatively associated with PANSS and 
PANSS positive in the adult-onset group.

Genomic Methylation Level in Different 
Onset Age Groups
Analysis of Methylation Prediction
As there was a significant difference in the early onset 
group (<20 years old) compared with the others, we com-
bined the middle- (20–30 years old) and adult-onset (>30 
years old) groups to perform the methylation analysis with 
the early onset group. Figure 3 shows the methylation 
levels in different onset-age groups, methylation heatmap 
of DMPs, and DMP enrichment genes.

There was a significant difference in DMPs in patients of 
different ages of onset by heatmap and ANOVA (Figure 3), 
which indicated that more hypomethylated positions were 
found in patients with early-onset than in controls. The 

Figure 1 The PANSS scores of schizophrenic patients of early-onset age (<20 years old) in each group were significantly higher than that of adult-onset ones (p<0.05). (A) t 
(1,176)=7.437, p<0.0001; (B) t(1,176)=5.389, p<0.0001; (C) t(1,176)=5.172, p<0.0001. (D) t(1,176)=6.551, p<0.0001; (E) t(1,176)=3.986, p=0.0001; (F) t(1,176)=5.261, 
p<0.0001; (G) t(1,176)=5.599, p<0.0001; (H) t(1,176)=3.614, p=0.0005; (I) t(1,176)=4.420, p<0.0001.
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genomic methylation level was also significantly different 
between the groups of different ages of onset. The β values of 
the two groups of early- and adult-onset were 0.55 ± 0.17 and 
0.62 ± 0.19 (mean ± SD), respectively (Figure 3B), indicating 
that there were significantly lower genomic DNA methyla-
tion levels in patients with early-onset. Subgroups of males 
and females also revealed a similar difference in that signifi-
cant genomic hypomethylation was found in patients with 
early onset. Genomic methylation analysis did not reveal any 
gender-specific effects.

Differential Methylation Positions
The exclusion criteria were as follows: non-CpG, SNP- 
related, location in the X or Y chromosome, and multi-hit. 
On the standard of Δβ ≥ 0.10, a total of 2,640 DMPs in 
patients of different age groups were identified, including 
1,523 hypomethylated positions and 1,117 hypermethy-
lated positions in early-onset subjects, respectively. The 
DMPs are shown in a heatmap (Figure 3A). The genes 
involved in DMP enrichment are shown in Figure 3C.

GO Analysis
According to the GO analysis, 600 terms containing genes 
with significant enrichment of DMPs were identified, 

including multicellular organism development and system 
development. The descriptive terms for the most consider-
able enrichment are shown in Figure 4. The figure shows 
the analysis screened by the classic Fisher test and 10 
items with the most significance in each category of GO. 
Based on the previous data, the terms were characterized 
by containing the genes with DMP enrichment in our 
study and labeled them on the top of the columns.

Gene-Specific DNA Methylation
For SLC6A4, the average methylation analysis of four CpG 
sites demonstrated that the early-onset group had hyper-
methylation compared with the adult-onset group. For 
BDNF, a similar analysis of six CpG sites found hypo-
methylation in the early-onset group. The quantification of 
COMT and NRG1 methylation did not differ between 
patients with early-onset and adult-onset schizophrenia. 
Table 5 shows the gene-specific DNA methylation levels.

Discussion
Onset Age in Schizophrenia
According to the literature, schizophrenia has been classi-
fied into different phenotypes based on the clinical features 

Figure 2 The PANSS scores were positively associated with the elevation of MTHFR polymorphisms in schizophrenic patients of early-onset age, but not in those of adult- 
onset ones. Each X-axis means the total risk allele number of 3 MTHFR polymorphic sites (C677T, A1298C, G1793A). (A) PANSS total and MTHFR multi-site 
polymorphisms in patients of early-onset. p<0.0001, Y=8.296X+70.71. (B) PANSS positive and MTHFR multi-site polymorphisms in patients of early-onset. p<0.0001, 
Y=4.854X+16.13. (C) PANSS negative and MTHFR multi-site polymorphisms in patients of early-onset. p<0.01, Y=2.397X+18.08. (D) PANSS total and MTHFR multi-site 
polymorphisms in patients of adult-onset. p>0.05, Y=1.709X+13.73. (E) PANSS positive and MTHFR multi-site polymorphisms in patients of adult-onset. p>0.05, Y=2.213X 
+61.03. (F) PANSS negative and MTHFR multi-site polymorphisms in patients of adult-onset. p>0.05, Y=0.4119X+15.02.
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of the disease course. In addition to the complex symptoms, 
patients’ onset age is also a notable feature in related patho-
genesis studies. As mentioned previously, studies have 
shown that the symptoms in patients with early-onset schi-
zophrenia are severe.20–22 To illustrate the related mechan-
isms of different characteristics in patients with divergent 
onset ages, studies on biochemical metabolites in the cortex 
regions have suggested that N-acetyl-aspartate levels are 
significantly lower in the left dorsolateral prefrontal cortex 
in patients with early-onset schizophrenia than in healthy 
controls, which is not observed in adult-onset patients.23 

Another investigation of the onset age further suggests that 
D-cycloserine may aggravate the negative symptoms of 
early onset, supporting the biochemical basis of onset age 
divergence.24 For the pathogenesis of schizophrenia, 
genetic factors are one of the most critical reasons that 
promote physiological and clinical alterations in patients 
with schizophrenia.

Meanwhile, no different results have been obtained 
from molecular biology research in patients with schizo-
phrenia with divergent onset ages, which may significantly 
influence the phenotypes of schizophrenia. MTHFR is an 

Table 4 Multiple Linear Regression of Folate, Hcy, Onset Age and Symptoms

B Std B SE 95% CI

(A) PANSS-Total

Folate 1.239 0.180 0.453 (0.345, 2.132)**

Onset-age 19.445 0.484 2.586 (14.340, 24.550)**

Interaction −1.247 −0.069 1.196 (−3.607, 1.114)

(B) PANSS-Positive

Folate 0.425 0.142 0.206 (0.020, 0.831)*

Onset-age 7.642 0.437 1.175 (5.324, 9.961)**

Interaction −0.356 −0.045 0.543 (−1.428, 0.716)

(C) PANSS-Negative

Folate 0.215 0.080 0.192 (−0.164, 0.593)

Onset-age 6.073 0.386 1.095 (3.911, 8.235)**

Interaction −0.322 −0.045 0.506 (−1.321, 0.678)

(D) PANSS-Total

Hcy 0.263 0.189 0.130 (0.005, 0.520)

Onset-age 27.465 0.683 4.456 (18.670, 36.261)**

Interaction −0.378 −0.252 0.183 (−0.740, −0.016)

(E) PANSS-Positive

Hcy 0.133 0.219 0.058 (0.018, 0.248)

Onset-age 11.208 0.641 1.994 (7.273, 15.144)**

Interaction −0.166 −0.255 0.082 (−0.328, −0.005)

(F) PANSS-Negative

Hcy 0.093 0.170 0.054 (−0.014, 0.200)

Onset-age 7.891 0.502 1.854 (4.231, 11.551)**

Interaction −0.079 −0.134 0.076 (−0.229, 0.072)

Notes: *p<0.05; **p<0.01. 
Abbreviations: B, regression coefficient; Std B, standardized β value; SE, standard error; 95% CI, 95% confidence interval.
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essential enzyme that catalyzes the conversion of folate to 
5-methyl folate (5-MTHF), which is correlated with the 
negative and cognitive symptoms of schizophrenia.25,26 

The biological effects of MTHFR polymorphisms mainly 
lie in the enzyme activity alteration and the related down-
stream methyl group supply, which is critical for methyla-
tion modification. A few studies have reported 
a correlation between the methylation of epigenetic pro-
cesses and the onset age of certain diseases, including 
schizophrenia.14,27

MTHFR and Onset Age in Schizophrenia
In our study, the PANSS scores of patients with schizo-
phrenia with different onset ages exhibited significant dif-
ferences, while early-onset patients showed more severe 
symptoms than the other patients. This result is consistent 
with those of prior studies.28,29 As there is a potential 

association between neurodevelopment and onset age of 
schizophrenia, we are also interested in the development- 
related one-carbon metabolism processes, including 
MTHFR polymorphisms, metabolites (such as folate or 
Hcy), and methylation modification downstream. Based 
on the correlation between MTHFR polymorphism and 
the divergent onset age of schizophrenia, this is the first 
study aiming at folate conversion-related MTHFR poly-
morphism and schizophrenia research grouping in diver-
gent onset ages of patients. In contrast, we found no 
distinct polymorphic effect of a single site in the divergent 
onset age groups, while the multi-site polymorphism was 
significantly increased in early-onset patients. In compar-
ison with the polymorphic effect of a single site, the 
polymorphic effect of multiple sites more comprehen-
sively determines the effect of MTHFR. However, few 
studies on the multi-site polymorphism of MTHFR have 

Figure 3 (A) Each box represents β value relative to standardized conversion (z-score), integrating all β values of samples for the one position. The mean value of each 
position after standardization is 0. Each row means a position with differential methylation between schizophrenia patients of early and adult-onset, and each column means 
an individual enrolled. (B) The methylation level was measured in β value. The figures show schizophrenic patients of early-onset had a hypomethylated pattern compared to 
others. Short bars mark the standard deviation. F(1,7)=4.234, ****p<0.0001. (C) Genes of DMP enrichment. Upper and lower figure shows the genes enriched by DMPs 
with hypo- and hypermethylation level in patients of early-onset respectively. 
Abbreviations: ABCB1, ATP-binding cassette, subfamily B (MDR/TAP), member 1; CHST3, chondroitin 6-sulfotransferase 3; CDH7, cadherin 7; KANK1, KN motif and 
ankyrin repeat domain-containing protein 1; KRTAP3-1, keratin associated protein 3-1; DDO, D-aspartate oxidase; CXCR6, C-X-C chemokine receptor type 6; PRR4, 
poliovirus receptor-related 4; KCNJ8, potassium inwardly-rectifying channel subfamily J member 8; MTPN, myotrophin; HOXA5, homeobox protein Hox-A5; TNXB, tenascin 
XB; SGPP2, sphingosine-1-phosphate phosphatase 2; CFAP58, cilia and flagella associated protein 58; SPAG1, sperm-associated antigen 1; NXPH2, neurexophilin-2.
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been published to elucidate the effects of variants, which 
are more relevant to enzyme activity while participating in 
folate conversion and directly influencing the methylation 
process.

Given the different degrees of symptom severity and 
MTHFR polymorphisms in patients with schizophrenia of 
divergent onset ages, we analyzed the association between 
MTHFR polymorphisms and PANSS scores of patients. 
Partly consistent with the results of related previous 
studies,18,25 the symptoms were all positively correlated 
with the MTHFR multi-site polymorphisms, which were 
only observed in patients with early onset (<20 years old) 
but not in patients with adult onset. The age of onset may 
be a factor that influences the correlation between MTHFR 
and symptoms. In summary, the results implied that 
MTHFR plays a potential role in the unique population 
of patients with early-onset schizophrenia. This finding is 
consistent with the results of previous studies that 

increased MTHFR polymorphism may aggravate the 
symptoms of schizophrenia.25,26 However, there are few 
studies on the correlation mentioned above in early-onset 
patients. The participation of MTHFR in these patients 
with schizophrenia implies its molecular effects in this 
potential special phenotype of the disease.

One-Carbon Metabolites and Symptom
Changes in molecular mechanisms, such as MTHFR poly-
morphism, are correlated with clinical divergence, including 
symptom aggravation in patients with early-onset schizo-
phrenia. As MTHFR participates in folate metabolism, the 
level of the related metabolites in one-carbon metabolism 
(eg, folate and Hcy) has also been found to be associated 
with schizophrenia and symptoms.30–32 A decreased level of 
serum folate has been observed in patients with schizophre-
nia, while the degree of reduction was positive with the 
severity of symptoms tested using the PANSS scale.31 In 

Figure 4 Screened by classic fisher test and 10 items with the most significance in each category of GO are exhibited. The larger the vertical coordinate is, the more 
significant the enrichment of item is. X axis means different items with significant enrichment of GO; Y axis means -log10 (adjusted p value of DMPs). #The term related genes 
of DMP enrichment that is hypomethylated in schizophrenic patients of early-onset. ΔThe term related genes of DMP enrichment that is hypermethylated in schizophrenic 
patients of early-onset. 
Abbreviations: BP, biological processes; CC, cellular components; MF, molecular functions.
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addition, an elevated level of Hcy was detected in patients 
with schizophrenia.33 However, this conclusion cannot be 
reached consistently in other published studies.34,35 In this 
study, the levels of serum folate and Hcy in patients with 
schizophrenia with divergent onset ages did not show 
a significant difference. Folate level was positively corre-
lated with symptom score, which is not in accordance with 
previous results. After the interactional analysis that entered 
onset-age as an independent factor, the subsequent single 
linear regression implies a negative correlation between 
folate level and symptoms. The decreased level of folate, 
which implies a limited trend in folate conversion and an 
increase in MTHFR polymorphism, may contribute to the 
development of schizophrenia. Owing to the global trend in 

the severity of symptom severity in patients with early-onset 
schizophrenia, the clinical phenotype alteration may be 
attributed to the processes related to MTHFR and folate 
metabolism, which participate in metabolic pathways that 
fluctuate in these patients.

Apart from folate and Hcy, B Vitamins including B6 
and B12 were revealed effective intervention in reducing 
psychiatric symptoms.36–38 As metabolites in one-carbon 
metabolism, vitamin B6 and B12 are also important fac-
tors in schizophrenia vulnerability. Both contribute to the 
remission of folate deficiencies and hyperhomocysteinae-
mia, which are prevalent among schizophrenic 
patients.39,40 Then folate and homocysteine might repre-
sent the final determined roles in psychiatric disorder. The 

Table 5 Gene-Specific DNA Methylation Levels

(A) DNA Methylation Level of Each COMT CpG Site

CpG No.

CpG No. 1 2 3 4 5 6 Average

Early 4.86 0.41 2.49 1.26 0.64 3.80 2.24

Adult 1.75 0.45 0 1.07 0.58 3.58 1.24

(B) DNA Methylation Level of Each SLC6A4 CpG Site

CpG No.

CpG No. 1 2 3 4 Average*

Early 3.61 10.25 0.74 1.92 4.13

Adult 2.04 8.23 0 0.92 2.80

(C) DNA Methylation Level of Each NRG1 CpG Site

CpG No.

CpG No. 1 2 3 4 5 6 7 Average

Early 4.53 6.09 6.37 5.28 4.89 1.24 3.84 4.61

Adult 4.94 7.13 6.87 7.53 3.7 0.45 1.06 4.53

(D) DNA Methylation Level of Each BDNF CpG Site

CpG No.

CpG No. 1 2 3 4 5 6 Average*

Early 8.73 8.98 24.29 8.68 11.57 5.58 11.31

Adult 11.19 9.85 29.43 9.27 11.78 7.92 13.24

Notes: (A) F(1,11)=1.94, p>0.05; (B) F(1,7)=1.31, *p<0.05; (C) F(1,13)=2.86, p>0.05; (D) F(1,11)=1.47, *p<0.05; Schizophrenic patients with early-onset age were 
hypermethylated in the analyzed region of SLC6A4 compared to adult-onset age. See Table B for the DNA methylation level of each CpG site. Data is shown by mean 
±SE. *p<0.05; Schizophrenic patients with early-onset age were hypomethylated in the analyzed region of BDNF compared to adult-onset age. See Table D for the DNA 
methylation level of each CpG site. Data is shown by mean±SE. *p<0.05.
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impact of B vitamins may involve in their changes, while 
could be reflected in folate and homocysteine analysis.

Potential Methylation Effects
As more specific features were found in patients with 
early-onset schizophrenia, more details are necessary to 
investigate further potential mechanisms of this phenotype 
in the population. In one-carbon metabolism, folate is 
converted to 5-MTHF, which participates in the supply 
of methyl groups and epigenetic modification downstream. 
DNA methylation frequently prevents gene expression 
through steric hindrance, which may be a mechanism 
that mediates the association between MTHFR polymorph-
ism and schizophrenia. For DNA methylation, the levels of 
genomic and specific gene regions are usually measured 
for assessment. It has been reported that the methylation 
levels of genomic and specific gene regions could lead to 
a certain degree of alteration in patients with 
schizophrenia.14,41 In healthy subjects with the TT geno-
type of MTHFR C677T, the genomic methylation level is 
usually higher than that in patients with schizophrenia.42 

However, only a few studies have reported a potential 
mechanism through methylation alteration in patients 
with schizophrenia of divergent onset ages. In the current 
study, the genomic methylation level in early-onset 
patients was remarkably lower than that in patients of 
other onset ages, and more hypomethylated positions 
were identified in the early-onset group. By selecting sub-
jects whose total number of TT genotypes of MTHFR 
C677T and PANSS exceeded 60, we regarded the 
MTHFR polymorphism and clinical phenotypes of patients 
with schizophrenia as one unit to explore the underlying 
mechanisms. Subjects with these two features may reflect 
a more prominent alteration in the downstream methyl 
supply. Compared with middle/late ages of onset, in 
patients with early-onset schizophrenia, hypomethylation 
implies a potential role of methylation alteration resulting 
from MTHFR polymorphisms. The patients with adult- 
onset exhibit relatively mild symptoms of the disease 
when severe symptomatic schizophrenia occurs in patients 
with homozygous mutation genotype. Genomic hypo-
methylation is usually associated with genomic 
instability.43 Some biological terms were found through 
methylation analysis to study the underlying mechanisms 
in patients with schizophrenia with divergent onset ages. 
More than 4,000 positions exhibited differential methyla-
tion levels among patients of different age groups, con-
tributing to their differential genomic DNA methylation 

levels. We also performed GO analysis to explore the 
related biological processes, cellular components, and 
molecular functions that influence the onset of schizophre-
nia. We selected and labeled the GO terms containing the 
previous genes with DMP enrichment, which can be con-
sidered a set point for subsequent research.

Since genomic methylation may be the mechanism by 
which MTHFR affects the phenotype of schizophrenia 
with divergent ages of onset, it may be related to the 
specific methylation level of some disease-related genes. 
Serotonergic neurotransmission plays an essential role in 
the mechanism of action of atypical antipsychotics. Then, 
the regulation of serotonin transporters may be obtained by 
SLC6A4 epigenetic analysis. In our study, SLC6A4 in 
patients with early-onset schizophrenia showed significant 
hypermethylation, implying a potential downstream path-
way of MTHFR effects through serotonin. In contrast to 
SLC6A4, BDNF indicates hypomethylation in the same 
group. The BDNF methylation level has been shown to 
increase in patients with schizophrenia,41 while no 
research has focused on the methylation alteration of 
SLC6A4 or BDNF in patients with divergent onset ages. 
For NRG1 and COMT, although there was no significant 
diversity in methylation levels of specific sites, the expres-
sion of related genes have been reported to associate with 
schizophrenia risk.44,45 Probably much more samples and 
research would work in the future. Therefore, gene- 
specific methylation changes in the potential pathways of 
MTHFR affect the divergent onset of schizophrenia and 
are possible objects of research on the disease mechanism.

Conclusions
Patients with early-onset schizophrenia have more severe 
symptoms related to MTHFR polymorphisms and serum 
folate levels. In patients of this population, MTHFR poly-
morphisms are increased, and related genomic methylation 
levels are reduced, which may be the underlying mechan-
ism of this disease course and onset age-associated phe-
notype. Following the biological pathways, specific genes, 
including SLC6A4 and BDNF, may be potential research 
objects for different possible phenotypes. The results 
would potentially imply a special phenotype of schizo-
phrenia, which is characterized by more severe symptoms, 
increased MTHFR polymorphism, and decreased genomic 
methylation levels. The results would also facilitate 
research on the mechanisms and clinical practice of 
schizophrenia.
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While there were several points that should be clari-
fied. Firstly, sample size for association studies (114 vs 63) 
were small to be analyzed, and studies with a larger sam-
ple size are required. Secondly, for MTHFR and one- 
carbon metabolism, it is probable that both SNP and 
gene expression research would work well in collaboration 
of fundamental research and clinical practice. Thirdly, as 
with short of large-sample study, subsequent studies are 
needed to explore their distinct effects at different ages of 
onset in schizophrenia and possible phenotypes by screen-
ing potential genes and pathways with enrichment of 
DMPs, which is more comprehensive. In future studies, 
we should pay attention to these issues, and an in-depth 
research is essential.
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