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Purpose: This study aimed to explore the association between N-6 adenine-specific DNA methyltransferase 1 (N6AMT1I) single
nucleotide polymorphisms (SNPs) and gestational diabetes mellitus (GDM) and the modification of the relationship by folate and
vitamin Bj,.

Methods: A cross-sectional study involving 1303 pregnant women (262 GDM and 1041 non-GDM) was performed in Tianjin, China.
Nine SNPs in N6AMT] were genotyped, and serum folate, vitamin B;,, and homocysteine (Hcy) levels were measured. The logistic
regression models determined the odds ratios (ORs) for SNPs in N6AMT] and the gene-nutrition interactions on GDM.

Results: N6AMTI 157282280, rs1048546, and rs1997605 were related to GDM under the dominant model after adjusting for multiple
covariates. Individuals carrying the N6AMTI rs7282280 TC/TT genotypes had a lower risk of developing GDM, regardless of serum
folate and vitamin B, levels. However, rs1048546 TG/GG genotypes were associated with lower GDM risk when serum folate > 6.0
ng/mL. Pregnancies with the risk genotypes in N6AMT! and higher serum folate or lower vitamin B, are more prone to GDM. The
study also showed a statistically significant additive interaction between N6AMTI rs1997605 GG genotypes and lower vitamin B,
(RERI: 2.54; 95% CI: 0.17, 4.92).

Conclusion: SNPs in N6AMT1 were found to be associated with GDM, and serum folate and vitamin B, levels can modify their
associations.

Keywords: N6AMT1, folate, vitamin B;,, gene-nutrition interaction, gestational diabetes mellitus

Introduction

Gestational diabetes mellitus (GDM) is the most prevalent metabolic complication that occurs during pregnancy. It is
characterized by abnormal glucose tolerance that arises or is first detected during pregnancy. The global prevalence of
GDM was 14.0%, and China’s was 14.8%."? Studies indicate that GDM can have long-term adverse effects on the
mother and their offspring, in addition to affecting the course of pregnancy.® As the prevalence of GDM continues to rise,

Diabetes, Metabolic Syndrome and Obesity 2024:17 1781-1791 1781
Received: 5 January 2024 © 2024 Guo et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 1 April 2024 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 17 April 2024


http://orcid.org/0000-0002-8359-3715
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Guo et al Dove

there is an urgent need for more cost-effective strategies to alleviate the burden on both the mother and child. The
etiology of GDM remains to be fully understood. It is a multifactorial metabolic disorder resulting from genetic,
epigenetic, and environmental factors.*

The most common nongenetic risk factors for GDM are older age, higher body mass index (BMI), parity, and family
history of diabetes.” Recent studies have shown that environmental pollutants (such as arsenic and air pollution) and
nutrients involved in the one-carbon metabolism (OCM) pathway may be essential in GDM.® ' Our previous study
indicated that genetic variants in N-6-adenine-specific DNA methyltransferase 1 (N6AMT1) were associated with arsenic
methylation metabolism. In addition, they can interact to affect GDM occurrence in the Chinese population. Interestingly,
we observed a novel and independent association of N6AMTI rs1997605 and rs1003671 with GDM.'' However, the
relationship between other single nucleotide polymorphisms (SNPs) of the N6AMT! gene and GDM remains unclear.

The N6AMT! methyltransferase plays an essential role in arsenic methylation metabolism and has recently been
identified as responsible for DNA N-6-methyladenine (6mA) modification.'*'* Abnormal epigenetic modifications, such
as methylation of DNA or RNA, have been linked to GDM.'>'® Fortunately, these epigenetic modifications are
reversible, making them promising targets for GDM prevention and therapy. DNA 6mA modification is a newly
discovered epigenetic mark widespread among several species.'*!” This modification is produced by adding a methyl
group from S-adenosy-L-methionine (SAM) to the sixth position of the adenine ring through specific methyltransferases,
such as N6AMTI."® DNA 6mA is emerging as crucial in regulating gene expression and cell defense. Dysregulation of
DNA 6mA modification has been linked to embryogenesis, neuropsychiatric disorders, hypertension, chronic kidney
disease, and tumorigenesis.'” > A recent study reported that 6mA is enriched in mammalian mitochondrial DNA
(mtDNA) and regulates the mitochondrial stress response.”* While the biological function of 6mA was initially studied,
its role in metabolic disease, mainly the function of N6AMTI, has yet to be explored.

OCM is a biochemical pathway that provides SAM for the methylation reaction and is influenced by folate and other
nutrients, such as vitamin B, choline, and betaine.”> Homocysteine (Hcy) is the most commonly used biomarker of
folate or vitamin B, deficiency in the OCM pathway. The effects of micronutrient supplements, especially folate and
vitamin B,, on GDM risk have received increasing attention worldwide. Some prospective studies have confirmed that
excessive folic acid intake or higher blood folate increases the risk of GDM.?*2® Other studies found that lower blood
vitamin B, correlates with a higher GDM risk.>>° Due to the interaction effect of folate and vitamin B;, on the OCM
pathway, some studies have shown that the imbalance of folate and vitamin B, (higher folate and lower vitamin B;) is
associated with a higher GDM risk.>'~*? Furthermore, folate and vitamin By,, involved in SAM generation, play essential
roles in DNA methylation.

In light of previous research that has shown a correlation between N6AMTI SNPs and GDM, it is of great interest to
investigate whether micronutrients related to SAM generation may modify the association between N6AMT1 and the risk
of GDM. In the present study, we further investigated the association between N6AMTI genetic variants and GDM by
expanding the study sample size and increasing the number of potential SNP loci. At the same time, we examined the
modification effects of serum folate and vitamin B, on the association between N6AMT! SNPs and GDM and the gene-

nutrition interactions on GDM occurrence.

Subjects, Materials and Methods
Study Population

The study design has been described in our previous studies.®'® In brief, a total of 1505 pregnant women who underwent
GDM screening between 24-28 weeks of gestation were recruited according to the following criteria: (1) older than 18
years; (2) have lived in Tianjin for one year and plan to live in Tianjin for the next six years (3) have no history of pre-
pregnancy diabetes or previous GDM. Of the 1505 pregnancies, 202 were excluded for various reasons, such as being
from ethnic minorities (n = 105), not having GDM (n = 38) and OCM results (n = 33), and missing covariate results (n =
26). This left 1303 subjects available for the subsequent analysis (Figure S1). All procedures involving human
participants followed the ethical standards of the Helsinki Declaration of Ethical Principles, and the research proposal
was approved by the Ethics Committee of Metabolic Diseases Hospital and Institute of Endocrinology, Tianjin Medical
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University (DXBYYhMEC2018-14) and Tianjin Xiqing Hospital (xqyyll-2020-07). Written informed consent was
obtained from all pregnant women before participation in this study.

Sample Collection and Covariate Assessment

For GDM screening, a fasting venous blood sample was obtained from each pregnant woman. The samples and serum
aliquots were sent to Tianjin Medical University for storage at —80 °C until further analysis. Well-trained interviewers used
a structured questionnaire to gather baseline characteristics such as age, ethnicity, education, smoking and drinking habits,
height, current and pre-pregnancy weight, parity, and family history of diabetes. Pre-pregnancy BMI (kg/m?) was estimated
by dividing the weight (kg) by the square of height (m). Serum folate, vitamin B;,, and Hcy were analyzed using
a previously described method.'® Folate and vitamin By, levels were determined through a chemiluminescence immunoas-
say system. Hcy levels were determined using an enzymatic cycling method with an automatic biochemical analyzer.

Diagnosis of GDM

Between 24 and 28 weeks of pregnancy, a 75-g oral glucose tolerance test (OGTT) screening test was conducted to check
for GDM. The diagnosis of GDM is made if any one of the following values meets or exceeds the criteria set by the
International Association of Diabetes and Pregnancy Study Groups (IADPSG): fasting plasma glucose (FPG) of 5.1
mmol/L or higher, 1-hour plasma glucose (1-h PG) of 10.0 mmol/L or higher, and 2-hour plasma glucose (2-h PG) of 8.5
mmol/L or higher.'”

Genotyping of N6AMT| SNPs

According to literature reports, seven additional SNPs were detected in N6AMTI (rs1006903, rs1003671, rs4816333,
rs7282280, rs7282257, rs1048546, rs1997605, rs2738966, rs2248501), in addition to the two SNPs (rs1997605 and
1s1003671) previously studied.'*!'*** The RelaxGene Blood DNA System was used to extract genomic DNA from the
blood sample, following the manufacturer’s instructions. Biowing Biotechnology genotyped all nine SNPs using a Hi-
SNP method based on multiplex PCR coupled with next-generation sequencing as previously described. The success rate
of this method was greater than 97%. The concordance rate was above 99% when 10% of duplicates were reanalyzed.

Statistical Analysis

We used descriptive statistical methods to summarize the study participants’ baseline characteristics [n (%) and median
and interquartile range (IQR) were present for categorical variables and continuous variables, respectively]. We used the
Wilcoxon Mann—Whitney U-test to examine the difference in continuous variables with skewed distributions between the
GDM and non-GDM groups. We employed the Chi-square or Fisher’s exact test to determine each SNP genotype’s
Hardy-Weinberg equilibrium (HWE) and compare categorical data between groups. Using Haploview, we evaluated
linkage disequilibrium (LD) and selected tag SNPs (see Figure S1).

We performed logistic regression to obtain odds ratios (ORs) and 95% confidence intervals (CIs) for genetic variants
in N6AMTI SNPs on GDM risk. All models were adjusted for potential maternal confounding factors, including age,
education levels, smoking and drinking habits, family history of diabetes, parity, pre-pregnancy BMI, and serum OCM
nutrients (folate, vitamin B,,, and Hcy). The dominant model was found to be the best genetic model for the N6AMT1
SNPs on GDM risk based on the Akaike information criterion (AIC) and Bayesian information criterion (BIC) minima
(see results section).

Under the dominant model, we reanalyzed the association of three tag SNPs in N6AMT] with GDM at different serum
folate and vitamin B, levels. Subnormal folate and vitamin B, were defined as serum folate less than six ng/mL and
vitamin B, less than 200 pg/mL, respectively.**>> Additionally, additive and multiplicative interactions were used to
determine whether N6AMT1 SNPs had a varying effect on GDM across different folate and vitamin B;, subgroups. For
a more detailed explanation of these models, please refer to our previous study.’® The relative excess risk due to
interaction (RERI) assessed additive interaction using a multiple logistic regression model, and a significant additive
interaction was indicated by RERI > 0. We used a multiple logistic regression model to evaluate multiplicative
interactions using the P value of a cross-product interaction term of the N6AMTI SNPs, folate, and vitamin Bj,. In
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addition to the maternal confounding factors, Hcy, serum folate, and vitamin B;, were mutually adjusted in the
stratification and interaction analysis.

We conducted all statistical analyses in R (version 4.1.3; R Project for Statistical Computing), and a P value < 0.05
was considered statistically significant.

Results

Baseline Characteristics of the Study Population

Table 1 shows the study participants’ baseline characteristics and serum folate, vitamin B;,, and Hcy levels. Among 1303
pregnant women, 262 (20.1%) cases of GDM were identified. Women with GDM tended to be older, overweight or
obese, multiparous, and have a family history of diabetes compared with non-GDM women. Education, smoking, and
drinking habits showed no significant differences between the two groups. Pregnancies with GDM had a higher median
serum folate level (10.4 ng/mL) than non-GDM participants (9.1 ng/mL). On the other hand, the average serum vitamin
B, level in GDM women (260 pg/mL) was lower than that in non-GDM women (273 pg/mL). No significant difference
in serum Hcy levels was observed between the two groups.

Associations Between N6AMT | Polymorphisms and the Risk of GDM
The genotypic distribution of the nine N6AMT1 SNPs is shown in Table S1, and eight SNPs were in Hardy-Weinberg
equilibrium (P > 0.05). Three tag SNPs (157282280, rs1048546, rs1997605) were selected using Haploview (Figure S2).

Table | Clinical Characteristics of the Study Population (n = 1303)

Characteristic Non-GDM (n = 1041) | GDM (n =262) | P
Age (years) 29.0 (26.0-32.0) 31.0 (28.0-34.0) | <0.001%
Education (years)
<12 409 (39.3) 115 (43.9) 0.380°
12-15 335 (32.2) 80 (30.5)
> |5 297 (28.5) 67 (25.6)
Smoking
Never 1030 (98.9) 255 (97.3) 0.068°
Ever (INN) 7(27)
Drinking
Never 1034 (99.3) 259 (98.9) 0.430°
Ever 7(0.7) 3 (L)
Pre-pregnancy BMI (kg/m?)
<185 79 (7.6) 16 (6.1) 0.030°
18.5-24 599 (57.6) 129 (49.2)
24-28 269 (25.8) 84 (32.1)
=28 94 (9.0) 33 (12.6)
Parity
Nulliparous 533 (51.2) 113 (43.1) 0.023°
Multiparous 508 (48.8) 149 (56.9)
Family history of diabetes
No 974 (93.6) 216 (82.4) <0.001°
Yes 67 (6.4) 46 (17.6)
OCM nutrients
Folate (ng/mL) 9.1 (6.0-14.1) 10.4 (6.9-15.4) 0.006*
Vitamin B,, (pg/mL) 273 (217-344) 260 (195-316) 0.003*
Hcy (ug/mlL) 5.0 (4.5-6.0) 4.9 (4.4-6.0) 0.637%

Notes: Values are n (%) or median (interquartile range). *Derived from the Mann-Whitney U-test.
®Derived from the Chi-square test. “Derived from the Fisher’s exact test.

Abbreviations: BMI, body mass index; GDM, gestational diabetes mellitus; OCM, one-carbon
metabolism.
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Table 2 displays the associations of the three N6AMTI SNPs with GDM under five genetic models. After adjustment for
maternal characteristics (age, education, smoking, drinking habits, family history of diabetes, parity, and pre-pregnancy
BMI) and serum OCM nutrients (folate, vitamin B, and Hey), N6AMTI rs7282280 and rs1048546 were found to be
associated with GDM in the codominant, dominant, overdominant, and log-additive models. However, rs1997605 was
associated with GDM only in the dominant model after adjustment for multiple covariates. For instance, pregnancies
with rs7282280 T alleles (TC/TT), rs1048546 G alleles (TG/GG), or rs1997605 A alleles (AG/AA) had a lower risk of
developing GDM than those with C alleles in rs7282280 (OR: 0.63; 95% CI: 0.47, 0.85), T alleles in rs1048546 (OR:
0.65; 95% CI: 0.48, 0.87), or G alleles in rs1997605 (OR: 0.72; 95% CI: 0.53, 0.98) under the dominant model,
respectively (Table 2). The dominant model was determined to be the best inheritance model for the three tag SNPs based
on the AIC and BIC values (Table 2). Therefore, the following analysis is based on the dominant model.

Associations Between N6AMT| SNPs and GDM Stratified by OCM Nutrients
The stratified analysis revealed that N6AMT1 rs7282280 TC/TT genotypes were negatively associated with GDM regardless
of folate levels after adjustment for maternal covariates and serum vitamin B, and Hcy levels. However, pregnancies with

Table 2 Association Between N6AMT| SNPs and GDM Risk

SNPs Genotype | Non-GDM n (%) | GDMn (%) | OR (95% CI)* | P OR (95% CI)* | P AIC BIC

rs7282280

Codominant cc 552 (54.4) 166 (64.3) 1.00 0.010 | 1.00 0006 | 12167 | 12888
TC 403 (39.7) 77 (29.8) 0.64 (0.47, 0.86) 0.61 (0.45, 0.83)
T 60 (5.9) I5 (5.8) 0.83 (0.46, 1.50) 0.80 (0.43, 1.48)

Dominant cc 552 (54.4) 166 (64.3) 1.00 0.003 | 1.00 0002 | 12153 | 12822
TCITT 463 (45.6) 92 (35.7) 0.66 (0.50, 0.88) 0.63 (0.47, 0.85)

Recessive ccrre 955 (94.1) 243 (94.2) 1.00 0952 | 1.00 0.889 | 12250 | 12919
™ 60 (5.9) 5 (5.8) 0.98 (0.5, 1.76) 0.96 (0.52, 1.76)

Overdominant | CC/TT 612 (60.3) 181 (70.2) 1.00 0.003 | 1.00 0001 | 12153 | 12822
TC 403 (39.7) 77 (29.8) 0.65 (0.48, 0.87) 0.62 (0.46, 0.84)

log-Additive — 1015 (79.7) 258 (20.3) 0.75 (0.59, 0.95) | 0.015 | 0.73 (0.57,0.93) | 0.009 | 1218.1 | 1285.0

rs1048546

Codominant | TT 332 329) 107 (41.8) 1.00 0015 | 1.00 0009 | 12087 | 12807
TG 521 (51.7) 108 (42.2) 0.64 (0.48, 0.87) 0.61 (0.45, 0.84)
GG 155 (15.4) 41 (16.0) 0.82 (0.55, 1.23) 0.76 (049, 1.16)

Dominant T 332 (329) 107 (41.8) 1.00 0.008 | 1.00 0003 | 12076 | 12744
TGIGG 676 (67.1) 149 (58.2) 0.68 (0.52, 0.91) 0.65 (0.48, 0.87)

Recessive TTITG 853 (84.6) 215 (84.0) 1.00 0.801 | 1.00 0959 | 12160 | 12829
GG 155 (15.4) 41 (16.0) 1.05 (0.72, 1.53) 0.99 (0.67, 1.47)

Overdominant | TT/GG 487 (48.3) 148 (57.8) 1.00 0.006 | 1.00 0.005 | 12085 | 12753
TG 521 (51.7) 108 (42.2) 0.68 (0.52, 0.90) 0.67 (0.50, 0.89)

log-Additive — 1008 (79.7) 256 (20.3) 0.84 (0.68, 1.03) | 0.083 | 0.80 (0.65,0.99) | 0.038 | 12116 | 12785

rs1997605

Codominant GG 250 (24.6) 79 (30.5) 1.00 0.160 | 1.00 0.112 | 12238 | 12959
AG 530 (52.2) 124 (47.9) 0.74 (0.54, 1.02) 0.74 (0.53, 1.03)
AA 236 (23.2) 56 (21.6) 0.75 (0.51, 1.10) 0.68 (0.45, 1.02)

Dominant GG 250 (24.6) 79 (30.5) 1.00 0.056 | 1.00 0041 | 12220 | 12890
AGIAA 766 (75.4) 180 (69.5) 0.74 (0.55, 1.00) 0.72 (0.53, 0.98)

Recessive GGIAG 780 (76.8) 203 (78.4) 1.00 0580 | 1.00 0274 | 12250 | 12920
AA 236 (232) 56 (21.6) 091 (0.66, 1.27) 0.83 (058, 1.17)

Overdominant | GG/AA 486 (47.8) 135 (52.1) 1.00 0217 | 1.00 0367 | 12254 | 12924
AG 530 (52.2) 124 (47.9) 0.84 (0.64, I.11) 0.88 (0.66, 1.17)

log-Additive — 1016 (79.7) 259 (20.3) 0.86 (0.70, 1.04) | 0.121 | 0.82 (0.67, 1.00) | 0.051 | 12224 | 12893

Notes: *Crude model. ®All models were adjusted for age, education, smoking, drinking, family history of diabetes, parity, pre-pregnancy BMI, and serum folate, vitamin B, and Hcy.
Abbreviations: GDM, gestational diabetes mellitus; SNPs, single nucleotide polymorphisms.
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rs1048546 G alleles (OR: 0.63; 95% CI: 0.46, 0.88) had a lower GDM risk than those with T alleles in rs1048546 when the
serum folate level was > 6.0 ng/mL. Although a negative correlation between rs1997605 AG/AA genotypes and GDM was
observed in the higher folate group, the results were insignificant (Table 3). Similar results were found between N6AMT1
rs7282280 and rs1048546 and GDM when stratified by vitamin By, levels. However, pregnancies with rs1997605 AG/AA
genotypes had a decreased GDM risk than pregnancies with the GG genotype in the lower vitamin B;, group (OR: 0.41;
95% CI: 0.21, 0.80) after adjustment for maternal covariates and serum folate and Hcy levels (Table 4).

Joint Effects of N6AMT| SNPs and OCM Nutrients on GDM Risk

The following table (Table 5) outlines the combined effects of N6AMTI SNPs with serum folate and vitamin B;, on
GDM risk. According to the table, the odds ratios of GDM were significantly higher among pregnancies with the
rs7282280 CC genotype and higher serum folate (OR: 3.37; 95% CI: 1.87, 6.43) compared to the reference group
(pregnancies with rs7282280 TC/TT genotypes and lower serum folate). Similar joint effects were found between the
NOAMTI rs1048546 TT and rs1997605 GG genotypes with higher serum folate on GDM risk. However, no significant
interactions existed between N6AMTI SNPs and serum folate on GDM (Table 5). In addition, the odds ratios of GDM
were significantly higher among pregnancies who had homozygous for 157282280 CC, rs1048546 TT, or rs1997605 GG
genotype and lower serum vitamin By, [(OR: 3.13; 95% CI: 1.91, 5.09), (OR: 3.15; 95% CI: 1.81, 5.41), and (OR: 4.09;
95% CI: 2.22, 7.45), respectively] compared to the reference group (pregnancies with rs7282280 TC/TT, rs1048546 TG/

Table 3 Association Between N6AMT| SNPs and GDM Risk in the Dominant Model Stratified by Folate Levels

SNPs/Genotype | Folate < 6.0 ng/mL Folate > 6.0 ng/mL
Non-GDM n (%) | GDM n (%) | OR (95% CI)® P Non-GDM n (%) | GDM n (%) | OR (95% CI)* P

rs7282280

Ccc 127 (51.2) 28 (63.6) 1.00 0.043 | 425 (55.4) 138 (64.5) 1.00 0.014

TCITT 121 (48.8) 16 (36.4) 0.49 (0.24, 1.00) 342 (44.6) 76 (35.5) 0.67 (0.48, 0.93)
rs|1048546

TT 77 31.4) 15 (34.1) 1.00 0.655 | 255 (33.4) 92 (43.4) 1.00 0.006

TG/IGG 168 (68.6) 29 (65.9) 0.85 (0.42, 1.72) 508 (66.6) 120 (56.6) 0.63 (0.46, 0.88)
rs1997605

GG 57 (23.0) 12 (27.3) 1.00 0.592 | 193 (25.1) 67 (31.2) 1.00 0.070

AG/AA 191 (77.0) 32 (72.7) 0.81 (0.39, 1.78) 575 (74.9) 148 (68.8) 0.72 (0.51, 1.02)

Notes: “All models were adjusted for age, education, smoking, drinking, family history of diabetes, parity, pre-pregnancy BMI, and serum vitamin B, and Hcy.
Abbreviations: GDM, gestational diabetes mellitus; SNPs, single nucleotide polymorphisms.

Table 4 Association Between N6AMT| SNPs and GDM Risk in the Dominant Model Stratified by Vitamin B, Levels

SNPs/Genotype | Vitamin B, < 200 pg/mL Vitamin B, > 200 pg/mL
Non-GDM n (%) | GDM n (%) | OR(95% CI)* | P Non-GDM n (%) | GDM n (%) | OR(95% CI)* | P

rs7282280

cc 87 (46.3) 42 (63.6) 1.00 0.018 | 465 (56.2) 124 (64.6) 1.00 0.037

TCITT 101 (53.7) 24 (36.4) 0.49 (0.27, 0.89) 362 (43.8) 68 (35.4) 0.70 (0.50, 0.98)
rs1048546

TT 53 (28.5) 28 (42.4) 1.00 0.055 279 (33.9) 79 (41.6) 1.00 0.035

TG/GG 133 (71.5) 38 (57.6) 0.55 (0.30, 1.01) 543 (66.1) 111 (58.4) 0.69 (0.49, 0.97)
rs1997605

GG 34 (18.3) 24 (36.4) 1.00 0.008 216 (26.0) 55 (28.5) 1.00 0.486

AG/AA 152 (81.7) 42 (63.6) 0.41 (0.21, 0.80) 614 (74.0) 138 (71.5) 0.88 (0.61, 1.27)

Notes: “All models were adjusted for age, education, smoking, drinking, family history of diabetes, parity, pre-pregnancy BMI, and serum folate and Hcy.
Abbreviations: GDM, gestational diabetes mellitus; SNPs, single nucleotide polymorphisms.
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Table 5 Interactions of N6AMT| SNPs and OCM Nutrients on GDM Risk

SNPs Genotypes Folate OR (95% CI)® P Vitamin B, OR (95% CI)® P
rs7282280 TC/TT < 6.00 1.00 =200 1.00
= 6.00 2.26 (1.23, 4.38) 0.011 <200 1.33 (0.75, 2.31) 0.307
CcC < 6.00 2.00 (1.01, 4.07) 0.047 =200 1.42 (1.01, 2.00) 0.040
= 6.00 3.37 (1.87, 6.43) < 0.001 <200 3.13 (1.91, 5.09) < 0.001
RERI 0.10 (—1.22, 1.43) 1.37 (-0.03, 2.77)
Pinteraction 0.444 0.156
rs1048546 TG/GG < 6.00 1.00 =200 1.00
= 6.00 1.65 (1.02, 2.75) 0.045 <200 1.56 (0.98, 2.47) 0.054
TT < 6.00 1.17 (0.56, 2.34) 0.657 =200 1.42 (1.01, 1.99) 0.037
= 6.00 2.63 (1.60, 4.43) < 0.001 <200 3.15 (1.81, 5.41) < 0.001
RERI 0.80 (-0.20, 1.81) I.16 (-0.50, 2.82)
Pinteraction 0.440 0.328
rs1997605 AG/AA < 6.00 1.00 =200 1.00
= 6.00 1.82 (1.15, 2.94) 0.011 <200 1.41 (091, 2.17) 0.114
GG < 6.00 1.23 (0.56, 2.55) 0.587 =200 1.13 (0.78, 1.62) 0.500
= 6.00 2.53 (1.52, 4.28) < 0.001 <200 4.09 (2.22, 7.45) < 0.001
RERI 0.48 (-0.67, 1.63) 2.54 (0.17, 4.92)
Pinteraction 0.773 0.013

Notes: P eraction: The P value for multiplicative interaction was calculated by the logistic regression model. *All models were adjusted for age,
education, smoking, drinking, family history of diabetes, parity, pre-pregnancy BMI, Hcy, and vitamin B,,. "All models were adjusted for age, education,
smoking, drinking, family history of diabetes, parity, pre-pregnancy BMI, Hcy, and folate.

Abbreviations: SNPs, single nucleotide polymorphisms; RERI, relative excess risk of interaction.

GG, or rs1997605 AG/AA genotypes and higher serum vitamin B;,). Notably, there was significant additive (RERI: 2.54,
95% CI: 0.17, 4.92) and multiplicative interactions (Pinteraction < 0.05) between the N6AMTI rs1997605 GG genotype and
lower serum vitamin By, on GDM (Table 5).

Discussion

The GENEMaC cohort baseline data were analyzed to investigate the relationship between N6AMT! SNPs and GDM and
the joint effects of N6AMTI genetic variants and OCM nutrients on GDM risk. We confirmed the positive association
between the 11997605 GG genotype and GDM discovered in our previous study.!' Additionally, two new SNPs (the
rs7282280 CC genotype and rs1048546 TT genotype) were identified to be related to a higher risk of GDM. The study
revealed that folate and vitamin B, can modify the associations between N6AMTI genetic variants and GDM risk.
Significant additive and multiplicative interactions were observed between the rs1997605 GG genotype and subnormal
serum vitamin B, (< 200 pg/mL) on GDM risk. This is the first study to identify the N6AMTI gene interacting with
OCM nutrients to affect the occurrence of GDM, providing feasible strategies for preventing GDM in a more persona-
lized manner in the future.

The cause of GDM is still largely unknown. However, recent studies have suggested that it may result from genetic,
epigenetic, and environmental factors. There are two approaches currently available for screening GDM-related genetic
variations. The first method is genome-wide association studies (GWAS), which involve testing genetic variants across
the whole genomes of many individuals to identify genotype-phenotype associations. Over the past decade, GWAS has
been used to identify complex genetic mechanisms that have led to the development of GDM. For example, a two-stage
GWAS analysis in Korean women confirmed that CDKALI and MTNRIB genetic variants are strongly linked with
GDM.?’” The second approach involves studying candidate genes and detecting the association between variants of
selected genes and the risk of GDM. GDM and type 2 diabetes mellitus (T2DM) share the same risk factors and genetic
basis. Therefore, some genetic variations (such as TCF7L2, GCK, and KCNJII) related to T2DM have also been
confirmed to be related to GDM.** In this study, N6AMTI was selected as a candidate gene because we accidentally
observed a direct association between this gene and GDM in our previous study.'' N6AMTI methyltransferase is essential
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for arsenic biomethylation and the modulation of arsenic-induced toxicity.'>*® Therefore, our previous study aimed to
investigate the synergistic effects of N6AMTI genetic variants with arsenic metabolism on GDM. Due to the small
sample size and limited research objectives, we wondered whether the association between N6AMTI SNPs and GDM is
credible. Therefore, in the present study, we expanded the sample size and further increased the number of detected SNPs
to explore the relationship between N6AMTI gene polymorphisms and the risk of GDM. Finally, the positive association
between the GG genotype of rs1997605 and GDM was confirmed, but the relationship between rs1003671 and GDM has
yet to be confirmed. In addition, we also found that two new SNPs (rs7282280 CC genotype and rs1048546 TT
genotype) are associated with GDM risk. These results suggested that N6AMTI may be involved in the physiological
pathology of GDM.

N6AMTI was identified as the first writer of DNA 6mA modification. Since this modification is associated with
various cancers, N6AMT! is thought to play a critical role in the occurrence and development of cancer. Abnormal
expression of N6AMTI has been shown to influence drug resistance and tumor progression in breast cancer and is
associated with hepatocellular and tongue squamous cell carcinoma.'®>°*' However, its role in diabetes, including
T2DM and GDM, has not been investigated. Given the limited studies on the role of N6AMT! in GDM, it is not easy to
draw a solid conclusion right now. Therefore, a comprehensive analysis of N6AMTI and DNA 6mA modification in
GDM development is urgently needed.

N6AMTI is a SAM-dependent methyltransferase.'® SAM is an essential metabolite in the OCM pathway, which
consists of two major components (folate and methionine cycles). Methionine is a precursor of SAM. It can be derived
from diet and the remethylation of Hey, in which vitamin B, is a crucial cofactor for Hey remethylation.42 Therefore,
factors related to SAM generation may also affect the relationship between N6AMTI and disease susceptibility. Our
studies and other studies have confirmed a significant association of folate and vitamin B, with GDM, while the
relationship between Hcy and GDM is insignificant.'® This study found that individuals with the N6AMTI 157282280
TC/TT genotypes had a decreased risk of GDM, regardless of their folate and vitamin By, levels. This implies that the
NO6AMT1I 157282280 CC genotype is an independent risk factor for GDM. Additionally, the study observed a significant
association between rs1048546 TG/GG genotypes and GDM, but only in individuals with higher serum folate and
vitamin Bi,. The joint effect analysis showed that pregnant women with risk genotypes (rs7282280 CC genotype or
rs1048546 TT genotype) have the highest GDM risk when serum folate is higher (= 6.00 ng/mL) or vitamin By, is less
than 200 pg/mL (Table 5). It is worth noting that the association between N6AMTI rs1997605 and GDM only exists in
pregnancies with lower serum vitamin B, (< 200 pg/L), and the GG genotype is associated with a higher risk of GDM.
Additionally, pregnant women with the rs1997605 GG genotype and higher serum folate or lower vitamin B, are more
susceptible to GDM than other women (Table 5). The additive and multiplicative interactions between the rs1997605 GG
genotypes and lower vitamin B, were statistically significant. The RERI of the additive interaction was 2.54 (95% CI:
0.17, 4.92). This indicates that the relative risk of having GDM among pregnant women with the rs1997605 GG
genotype is 2.54 more with lower serum vitamin By, than if there was no interaction between rs1997605 and vitamin B5.
Our findings indicated that N6AMT! SNPs are associated with GDM in Chinese women, and folate and vitamin B, can
strongly modify the effects.

Our study has several strengths that contribute to its reliability and validity. First, we obtained individual measure-
ments of serum folate and vitamin B;, levels, which allowed us to estimate the impact of these nutrients on the
association between N6AMTI! SNPs and GDM. Additionally, our larger sample sizes gave us more accurate and
trustworthy results. However, there are also some limitations to our study. First, we conducted the study only on
Chinese Han pregnant women, and further research is needed on populations from other regions and races. Second,
the application of our findings may be limited due to the need for more data on folate and vitamin B, from dietary
intake. Third, the interaction effects of N6AMTI and OCM nutrients on GDM risk need to be replicated in an
independent population, and the potential mechanism should be fully clarified in subsequent studies.

Conclusion
In conclusion, our study indicates that pregnancies with the N6AMT] rs7282280 CC genotype, rs1048546 TT genotype,
and rs1997605 GG genotype are at a higher risk of developing GDM. Additionally, we found that serum folate and
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vitamin B, levels can influence the association between N6AMTI SNPs and GDM. We found significant additive and
multiplicative interactions between the rs1997605 GG genotype and lower vitamin B, on GDM. These findings suggest
that by exploring gene-nutrition interactions, we can gain further insight into predicting and intervening in cases of GDM
at a more personalized level. However, there is still much to learn in this field, and more in-depth mechanism studies are
needed to explain the relationship between N6AMTI SNPs and GDM in the future.
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