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Background: The relation between circulating homocysteine (hcy) and folate
concentrations and risk of type 2 diabetes mellitus (T2DM) has been evaluated
in several observational studies with inconsistent results; and it is unclear about
their causal relationships. Our aim was to assess the causality association
between circulating hcy or folate concentrations and the development of
T2DM using Mendelian randomization (MR) analysis, based on results of an
observational study in Chinese adults.

Methods: We conducted an observational study of 370 patients with T2DM
and 402 controls after routine physical examination who consulted at the
Zhongnan Hospital of Wuhan University between March 2021 and December
2021. Correlations between hcy and folate and the incidence of T2DM were
quantified using logistic regression models. Two-sample MR analysis was
conducted using summary statistics of genetic variants gained from 2 genome-
wide association studies (GWAS) on circulating hcy and folate concentrations
in individuals of European ancestry and from an independent GWAS study
based on DIAMANTE meta-analysis.

Results: In the observational study, after logistic regression with multiple
adjustment, lower hcy and higher folate levels were identified to be associated
with the risk of T2DM, with OR (95% CI) for hcy of 1.032 (1.003-1.060);
while 0.909 (0.840-0.983) for folate. In the MR analysis, the OR for T2DM
was 1.08 (95% ClI: 0.95, 1.21; P = 0.249) for each SD unit increase in
genetically predicted homocysteinemia and the OR for T2DM per SD increase
in genetically predicted folate elevation was 0.80 (95% CI: 0.60, 1.00, P = 0.026).

Conclusions: We discovered that high circulating hcy and low folate
concentrations were related with an increased risk of developing T2DM in
Chinese adults. Moreover, MR analysis provided genetic evidence for a possible
causal relationship between serum folate and the risk of T2DM.

homocysteine, folate, type 2 diabetes, retrospective study, Mendelian randomization
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Introduction

The metabolism of homocysteine (hcy) and folate has
important roles in nucleic acid synthesis, amino acid
homeostasis, epigenetic maintenance, redox defense, and
methylation (1). This metabolic process is also known
as the methionine cycle. In this
with ATP to produce
(SAM) catalyzed by methionine adenosyltransferase. SAM

process, methionine

interacts S-adenosylmethionine
is methylated by transferring methyl to another substance
catalyzed by methyltransferase, and SAM is changed to S-
adenosylhomocysteine (SAH), which is deadenosylated to
produce hcy (2). In the presence of methionine deficiency, hcy
undergoes remethylation. This metabolic pathway requires
folate as a donor of methyl groups to restore methionine.
Remethylation is catalyzed by methionine synthase (MS)
with vitamin B12 as cofactor and 5-methyltetrahydrofolate
(5-MTHF) as methyl donor to transfer methyl from 5-
methyltetrahydrofuran to hcy, resulting in the formation of
new methionine, which can be used for protein synthesis or
reconverted to SAH (3). If the amount of methionine is high
enough, a transsulfuration reaction occurs. The enzyme critical
in this metabolic pathway of hcy is Cystathione-B-synthase
(CBS), an enzyme that requires vitamin B6 as a cofactor to
catalyze the reaction of serine with hcy to form cystathionine
(4). If the remethylation and/or transsulfuration pathways are
impaired, hcy will accumulate in the cells and there will be the
development of hyperhomocysteinemia (Figure 1).

contributes  to

Deficiency of folate elevated hcy

concentrations, which have been demonstrated to be a
risk factor for the development of cardiovascular disease
and T2DM (5-7). This association is explained by several
possible underlying pathophysiological mechanisms, such as
the adverse effects of acute and prolonged exposure to high hcy
concentrations on the cell viability of pancreatic p-cells (8-10).
The generation of ROS by hcy in the redox-cycling reaction leads
to a decrease in the viability of insulin-secreting cells, which
in turn results in diminished glucokinase phosphorylation,
weakened insulin-secreting response and cell death (11, 12),
which are essential components of the pathogenesis of T2DM
(13, 14). However, there are inconsistent relationships in
epidemiological studies regarding the association between
hcy concentrations and the incidence of T2DM (10, 15-18).
It was the same as that contradictory conclusions have been
reported about whether folate supplementation can diminish
the incidence of diabetes (19-21).

Given these conflicting results, it is necessitated to
investigate the causal association between blood homocysteine
and folate levels and the incidence of T2DM. Nevertheless,
observational researches are prone to reverse causality or
to be influenced by confounding factors. Therefore, more

endeavor is required to obviate the interference factors.
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Mendelian randomization (MR) analysis is a valuable approach
that employs genetic variants, usually single nucleotide
polymorphisms (SNPs), as instrumental variables (IVs) to
evaluate the causal relationship between exposure and outcome
(22). According to Mendel’s second law, alleles are randomly
assigned to offspring gametes at gamete formation and
genotypes are already fixed before the onset of disease, so causal
estimates of MR are minimally affected by reverse causality or
confounding effects (23).

Previous MR reports on the causal effect of hcy on T2DM
presented controversial results, and there were no MR studies
of the causal impact of folate on T2DM before. Consequently,
we performed an observational study in Chinese adults to
investigate the associations between hcy, folate and T2DM,
together with a two-sample MR analysis to further explore
the causal relationships between circulating hcy or folate levels
and T2DM.

Methods and materials

Study population

We conducted a retrospective observational study with 370
type 2 diabetic patients and 402 people after routine physical
examination who consulted at Zhongnan Hospital of Wuhan
University between March 2021 and December 2021. Their
residual blood was collected after the clinical examination. The
diagnosis of type 2 diabetes is based on WHO diagnostic criteria
for diabetes, which include fasting blood glucose value > 7.0
mmol/L, random blood glucose value > 11.1 mmol/L, glucose
load > 11.1 mmol/L after 2h, and accompanied by clinical
symptoms of insulin resistance. None of the participants had a
diagnosis of cancer, acute inflammation, blood system disease,
congenital heart disease, previous myocardial infarction (MI),
liver or kidney failure, or other serious illnesses. Our study
protocol was approved by the Ethics Committee of Zhongnan
Hospital of Wuhan University (Approval No.: 2020195). Flow
diagram of the study design is given in Supplementary Figure 1.

Laboratory examinations

Peripheral venous blood was collected from all participants
after an overnight (8-10h) fast. Serum folate was quantified
by the Chemiluminescence method (Supplementary material).
The fasting level of homocysteine was also measured using
enzyme cycle method (Supplementary material). Quality control
samples were scattered throughout each analysis. On the basis
of the measurements of these quality control samples, the
mean intra- and inter-assay coefficient of variation (CVs)
were <8.33 and <12.5% for folate and <5.0 and <5.9%
for homocysteine, respectively. Other biochemical markers
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such as total cholesterol, triglycerides, HDL cholesterol,
LDL cholesterol, and fasting glucose were measured by
enzymatic methods completed at Beckman coulter AU5800.
Superoxide dismutase (SOD) was measured by the colorimetric
method. Vitamin B12 and vitamin B6 were measured by the

chemiluminescence method.

Data sources for MR analysis

T2DM population was obtained from the DIAMANTE
the Diabetes
Replication and Meta-analysis (DIAGRAM) consortium
(24), a meta-analysis of 32 GWAS with 74,124 T2DM cases
(mean age ~63 years old) and 824,006 controls (mean age

(European) meta-analysis from Genetics

~54 years old) of European descent, adjusted for study-specific
covariates and corrected for the genomic-control.

The genetic variants associated with circulating hcy and
folate were derived from two previous genome-wide association
studies (GWAS) meta-analyses including 44,147 and 37,465
individuals of European ancestry, respectively (25, 26). Single
nucleotide polymorphisms (SNPs) that reached the genome-
wide significance threshold (p < 5 x 10~8) and without linkage
disequilibrium (r> < 0.1 in the 1000 G European population)
for the exposure phenotype were used as instrumental variables
(Supplementary Table 1). And the information of SNPs in
the outcome data was shown in Supplementary Table 2. The
variation in homocysteine and folate concentrations explained
by SNPs was estimated to be 6.0 and 1.0%, correspondingly
(25,26). In addition, we examined the secondary phenotypes
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of each SNPs by PhenoScanner (27) and found four SNPs
associated with homocysteine, including rs548987, rs2251468,
rs838133, and rs1047891, correlated with other traits (28),
and no folate-related SNPs were identified to be related to
other phenotypes.

Statistical analysis

The basic
continuous variables with normal distribution were described

information and clinical characteristics of

by mean =+ standard deviation (SD). The median and inter-
quartile range described the continuous variables of abnormal
distribution. Student’s ¢ test or Mann-Whitney U tests were
applied to compare the continuous variables between the two
groups depending on the distribution and chi-square test
for the categorical variables. Conditional logistic regression
models were utilized to investigate the relationship between
circulating hcy, folate concentrations and the risk of T2DM.
Factors such as age, sex, body mass index (BMI), fasting
glucose, total cholesterol, triglycerides, HDL cholesterol, LDL
cholesterol, history of smoking and drinking, and hypertension
were adjusted sequentially.

Furthermore, the potential non-linear associations between
circulating hcy or folate and T2DM were evaluated on a
continuous scale with restricted cubic spline curves based on
the logistic regression model (29). In this analysis, the number
of knots corresponding to the minimum Akaike Information
Criterion (AIC) was screened based on the AIC guidelines, and
the reference values were set according to the normal clinical
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TABLE 1 Characteristics in controls and patients with type 2 diabetes.

10.3389/fcvm.2022.978998

Characteristics NC (n = 402) T2DM (n = 370) Pvalue
Age (years) 52.45 + 8.97 68.25 £ 13.16 <0.0001
Men (no, %) 259 (64.43) 220 (59.46) 0.1592
Women (no, %) 143 (35.57) 150 (40.54)

Height (cm) 168.6 £ 7.36 167.9 £7.28 0.1990
Weight (kg) 67.54 +10.80 71.03 £ 10.33 <0.0001
BMI (kg/m?) 23.74 (21.82, 25.41) 25.60 (23.07, 27.40) <0.0001
Hypertension history (no, %) 97 (24.13) 174 (47.03) <0.0001
Smoking history (no, %) 163 (40.55) 171 (46.22) 0.1268
Drinking history (no, %) 169 (42.04) 181 (48.92) 0.0600
Diabetic complications (no, %) 0 (0.00) 165 (44.59) <0.0001
FPG (mmol/L) 5.27 (5.06, 5.88) 6.96 (5.60, 8.77) <0.0001
TC (mmol/L) 5.05 (4.30, 5.31) 5.18 (4.26, 5.62) 0.0899
TG (mmol/L) 1.29 (1.00, 1.75) 1.78 (1.23,2.31) <0.0001
HDL-C (mmol/L) 1.19 (1.11, 1.43) 0.94 (0.78, 1.15) <0.0001
LDL-C (mmol/L) 2.80 (2.41, 3.45) 3.18 (2.58,3.72) 0.0003
SOD (U/ml) (50vs50) 177.80 £ 16.18 110.90 £ 27.87 <0.0001
Homocysteine (j.mol/L) 13.22 (10.79, 16.90) 14.99 (11.17,20.31) 0.0002
Folate (ng/mL) 7.47 (5.69, 10.21) 6.68 (5.04, 8.55) <0.0001

Data were shown as mean £ SD, median (25 percentiles, 75 percentiles). BMI, body mass index; FPG, fasting plasma glucose; TC, total cholesterol; TG, triglycerides; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SOD, Super oxide dismutase. Entries in bold font indicate statistically significant (P < 0.05).

TABLE 2 Adjusted ORs for T2DM incidence according to homocysteine and folate concentrations.

Homocysteine Folate
OR (95% CI) P value OR (95% CI) P value
Model* 1.038 (1.020-1.058) 0.0001 0.886 (0.843-0.930) <0.0001
Model? 1.032 (1.003-1.060) 0.0247 0.909 (0.840-0.983) 0.0177

“Not adjusted.
bAdjusted for age (continuous variable), BMI (continuous variable), sex (male or female), Fasting plasma glucose (continuous variable), total cholesterol (continuous variable), triglycerides
(continuous variable), HDL cholesterol (continuous variable), LDL cholesterol (continuous variable) and hypertension (yes or no).

(CIs) for T2DM were calculated as a ratio of each standard
deviation (SD) increase in genetically predicted circulating hcy

reference ranges of hcy and folate concentrations. In addition,
we conducted a stratified analysis depending on the distribution
of the variables using an unconditional logistic regression model, and folate concentrations.
corrected by adjusting other covariates, and further tested the All statistical analyses were conducted through GraphPad
Prism 8.0 (GraphPad Inc., United States) and R Software 4.0.2.
The threshold of P-value on both sides was set to 0.05, which was

statistically significant.

meaning of the interaction modification by incorporating a
multiplicative interaction term to the model.

For MR analysis, fixed-effects inverse variance weighted
method (IVW) was used as the main analysis method to obtain
the combined causal effect of each IV, which was supplemented
with weighted median and MR-Egger methods for multiple Results

validation because the IVW may be biased by pleiotropic effects There were observational relationshi ps

between circulating homocysteine or
folate concentration and risk of T2DM

(30). Additional analyses excluded four SNPs with secondary
phenotypes associated with hcy to preclude potential pleiotropic
effects. Heterogeneity was evaluated employing the Q statistic
in the IVW method, and P-value < 0.05 was considered

significant. The test for pleiotropy was determined on MR- Consistent with previous studies, statistically significant

Egger regression to find the P-value of the intercept (31). The differences existed between the T2DM and control groups with

odds ratios (ORs) and corresponding 95% confidence intervals regard to identified diabetes risk factors, such as BMI, history of
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In retrospective observational study, restricted cubic spline relationship between circulating homocysteine (A), folate (B) and T2DM onset. Red
solid and black dashed lines depict ORs and 95% Cls for log-transformation of hcy, folate concentrations in conditional regression models
based on restricted cubic splines. Reference values were set at 15 pumol/L and 4 ng/mL, respectively, depending on the clinical normal reference
range. The purple shaded area represents the distribution density of hcy and folate in the total population (n = 772). The result has been
adjusted for age; sex; body mass index; smoking history; drinking history; hypertension history; fasting total cholesterol, triglycerides, HDL
cholesterol, LDL cholesterol, and glucose levels. T2DM, type 2 diabetes.
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hypertension, fasting glucose, blood lipids and SOD (Table 1).
The results of vitamin B12 and vitamin B6 were displayed
in Supplementary Table 3. Median homocysteine concentrations
were noticeably higher (P = 0.002) and median folate levels
were obviously lower (P < 0.0001) in the T2DM group when
compared to the control group.

After sequentially adjusting for age, sex, and diabetes
risk factors, ORs (95% ClIs) for circulating homocysteine
concentrations were 1.023 (1.005-1.043), 1.027 (1.007-1.050),
and 1.032 (1.003-1.060), as well as ORs (95% ClIs) for serum
folate concentrations were 0.933 (0.881-0.987), 0.924 (0.869-
0.982), and 0.909 (0.840-0.983), respectively, with significant
differences in P values (Table 2). Restricted cubic spline curves
revealed a forward linear relationship between circulating
homocysteine and the incidence of T2DM (P = 0.025)
(Figure 2A), while serum folate showed an inverse non-linear
relationship with the occurrence of T2DM (P = 0.004)
(Figure 2B).

In the stratified analysis, we identified no meaningful
difference of hcy and T2DM incidence between subgroups
based on gender, BMI, and history of hypertension, but there
were significant differences in the age categories (Figure 3A). A
positive association was observed in those aged >60 years (OR:
1.05; 95% CI: 1.01, 1.09), but not in participants aged <60 years
(OR: 1.00; 95% CI: 0.97, 1.0.3). In addition, we also observed
no variance of folate and the incidence of T2DM in age, BMI,
or hypertensive subgroup analysis (Figure 3B). But in female,
there was a negative correlation (OR: 0.90; 95% CI: 0.81, 0.99;
P-interaction = 0.02), while not in male (OR: 0.90; 95% CI:
0.81, 0.99).

Frontiers in Cardiovascular Medicine

A possible negative causal relationship
between serum folate and the risk of
T2DM was identified in MR analysis

The primary MR results indicated no relationship between
genetically predicted circulating hcy levels and risk of T2DM,
the OR for T2DM was 1.08 (95% CI: 095, 1.21; P =
0.249) for each SD unit increase in genetically predicted hcy
concentrations. Similar results from the MR-Egger method were
also consistent with this (OR: 1.07; 95% CI: 0.77, 1.38; P =
0.666). However, the weighted median method demonstrated
a forward association between genetically predicted higher
circulating hcy concentrations and for the risk of T2DM
(OR: 1.155 95% CI. 1.03, 1.26; P = 0.019) (Figure4A,
Table 3). These connections persisted after the exclusion of four
pleiotropic SNPs (Supplementary Table 4). On the other hand,
there was a suggestive association between higher genetically
predicted folate levels and a lower risk of T2DM (ORgp:
0.80; 95% CI: 0.60, 1.00, P = 0.026) (Figure 4B, Table 3).
Heterogeneity analysis displayed no heterogeneity in MR
analysis (Supplementary Table 5) and the P value of MR-Egger
intercept indicated no remarkable directional polymorphism
(Supplementary Table 6).

Discussion

In this retrospective observational study, we observed a
positive trend between circulating homocysteine concentrations
but a negative correlation between folate levels and the risk
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FIGURE 3
Stratified analysis of the association between circulating homocysteine (A) and folate (B) concentrations and T2DM. The black squares denote
ORs for T2DM risk and the horizontal line signify 95% CI (n = 772). Models were adjusted for age, sex, body mass index, smoking history, drinking
history, hypertension history, fasting total cholesterol, triglycerides, HDL cholesterol, LDL cholesterol, and glucose levels. P-interaction means
the P value of the multiplicative interaction.

of T2DM. And MR analysis results supported the causal
relationship between folate and T2DM. Nonetheless, there was
no causal relationship between hcy concentrations and T2DM
risk. In addition, in the stratified analysis, we found that the
effect of hcy on T2DM was more pronounced in individuals
aged > 60 years, while the protective effect of folate was more
prominent in women.

Several  observational  studies  have  discovered
hyperhomocysteinemia as a risk factor for T2DM and
related complications (32-34). A prospective cohort study has
shown that elevated hcy levels were associated with increased
cardiovascular risk, particularly in patients with diabetes (35).
In a meta-analysis of 4011 patients with T2DM and 4303 normal
controls, absolute pooled mean concentrations of hcy were

detected to be appreciably higher in patients with T2DM, and
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the estimated causal OR associated with T2DM was 1.29 for 5
pmol/L increment in hcy, providing strong evidence for the
relationship between hcy levels and the development of T2DM
(36). Nevertheless, two-sample MR analysis in our study did
not provide genetic evidence to support a causal relationship
between hcy levels and T2DM risk. Consistent with our MR
results, in the Prospective Investigation of the Vasculature in
the Elderly in Uppsala (PIVUS) cohort, the authors showed no
evidence of a causal relationship between hcy levels and fasting
glucose, fasting insulin, or T2DM (37). This difference may also
indicate that hcy maybe a risk marker for T2DM rather than
a causal risk factor. Notably, we found a protective effect of
genetically predicted folate levels on the risk of T2DM, which
further indicate the association in the observational study was
causal. Several researches of folate supplementation reducing
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FIGURE 4

Scatter plots illustrating the results of the summary-level Mendelian randomization analysis. The x-axis presents the effect of exposure variables
and the y-axis denotes the effect of outcome. The analysis was performed on 898,130 individuals of European ancestry from the DIAMANTE
consortium. (A) Represents the effect of SNP on homocysteine levels (X-axis, per SD) and on T2DM [Y-axis, log (OR)], 95% CI; (B) Indicates the
effect of SNP on folate levels (X-axis, per SD) and on T2DM [Y-axis, log (OR)], 95% CI.

the incidence of T2DM also support this causal relationship
(20, 21, 38). A clinical trial that included 6,185 diabetic patients
found that folate supplementation in T2DM patients resulted
in lower hcy levels and better glycemic control (39). Lind MV
et al. evaluated the effects of folate supplements on glucose
metabolism and the risk of type 2 diabetes through a systematic
review and meta-analysis of 29 randomized controlled trials
involving 22,250 participants, finding when compared with
placebo, folate supplementation lowered fasting insulin (WMD:
—13.47 pmol/L; 95% CI: —21.41, —5.53 pmol/L; P < 0.001),
and homeostasis model assessment for insulin resistance
(HOMA-IR) (WMD: —0.57 units; 95% CI: —0.76, —0.37 units;
P < 0.0001) suggests that folate supplementation may benefit
glycemic homeostasis and hypoglycemia (40).

As for the underlying mechanisms, we speculated that
hyperhomocysteinemia might cause oxidative stress, and the
increased reactive oxygen species act as functional signaling
molecules to activate various stress-sensitive signaling pathways,
eventually lead to insulin resistance (41). It has been reported
that homocystein(hcy) reduces the antioxidant capacity of the
body by inhibiting glutathione production and suppressing
the expression of Glutathione peroxidase (GSH-Px) and SOD
(42). This is consistent with the lower SOD levels in T2DM
patients compared with controls in our study. However,
folate acts as a methyl donor in the methionine cycle
and reduces hcy accumulation thus exerting its antioxidant
properties, promoting the remethylation of homocystein to
form methionine. Reports have also suggested that folate
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may exert antioxidant effects independent of hcy reduction
by inhibiting NADPH oxidase-mediated superoxide anion
production (43), and blocking superoxide production at the level
of the mitochondrial electron transport chain (44) on vascular
endothelium. Further studies are needed to better elucidate
the relationship between hcy and folate and the pathogenesis
of T2DM.

However, the controversial findings have also been reported
in other studies (15, 19, 45). One probable explanation is that
the sample sizes of these studies may not be large enough
to identify a true association. Furthermore, in observational
studies, regression methods may not provide unbiased estimates
of the true association when confounders are not observed due
to their usually unknown or unmeasured characteristics, or
when the number of confounders is too large.

The strength of our study was based on the correlation
of the and further
relationships were explored using MR methods. Through

results retrospective study, causal
the results of previous GWAS meta-analysis of total blood
homocysteine and folate levels, multiple SNP combined
analyses were applied as instrumental variables to explore
the causal relationship with T2DM, whereas previous MR
analyses used only a single SNP as an instrumental variable,
which may have biased the results. Moreover, to the best of
our knowledge, we are the first study to use MR methods to
investigate folate levels and the risk of T2DM. Nevertheless, the
following limitations are also worthy of attention. First, in the

observational study, we only collected basic clinical information
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TABLE 3 Summary Mendelian randomization estimates of circulating homocysteine and folate levels on risk of type 2 diabetes.

Outcome Exposure Method b se P or or_lci95 or_uci95
Type 2 diabetes Homocysteine Inverse variance weighted 0.077 0.066 0.249 1.08 0.95 1.21
Type 2 diabetes Homocysteine MR Egger 0.069 0.155 0.666 1.07 0.77 1.38
Type 2 diabetes Homocysteine Weighted median 0.138 0.059 0.019 115 1.03 1.26
Type 2 diabetes Homocysteine Weighted mode 0.122 0.062 0.072 1.13 1.01 1.25
Type 2 diabetes Homocysteine Simple mode 0.067 0.117 0.576 1.07 0.84 1.30
Type 2 diabetes Folate Inverse variance weighted —0.225 0.101 0.026 0.80 0.60 1.00

b, beta; se, standard error; or, odds ratio; P, P value; ci, confidence interval; 1ci95, uci95. Entries in bold font indicate statistically significant p < 0.05.

such as BMI and history of hypertension of the participants,
while the effects of confounding factors such as pharmacological
use, dietary intake, and exercise status were not fully considered.
Second, the MR analysis was performed on individuals of
European ancestry, which was not further validated in our
retrospective study owing to condition limitations. Finally, we
only examined the causal association of hcy and folate with
T2DM from a genetic perspective, without considering the
influence of potential environmental factors.

Conclusions

In summary, we found there was a possible negative causal
relationship between serum folate and T2DM incidence but
a positive correlation between homocysteine and T2DM in
middle-aged and elderly Chinese.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary material, further inquiries
can be directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethics Committee of Zhongnan Hospital of
Wuhan University. Written informed consent for participation
was not required for this study in accordance with the national
legislation and the institutional requirements.

Author contributions

YC and FZ: designed research, conducted research, and
wrote the original draft. CheW and XZ: conducted research,
analyzed data, and performed statistical analysis. YZ and BJ:
analyzed data and performed statistical analysis. ChuW and
ZL: supervised and edited. FZ: supervised, edited, and secured
funding. All authors contributed to the article and approved the
submitted version.

Frontiers in Cardiovascular Medicine

08

Funding

This research was supported by the National Natural Science
Foundation of China (Grant Nos. 81871722 and 82072373);
Translation Medicine and Interdisciplinary Research Joint Fund
of Zhongnan Hospital of Wuhan University (Grant Nos.
ZNLH201907 and ZNJC201932); and Zhongnan Hospital of
Wuhan University Science, Technology and Innovation Seed
Fund (Grant Nos. znpy2019054 and znpy2019049).

Acknowledgments

We thank all the researchers and participants of the study
and the contributors to the DIAGRAM consortium (http://
www.diagram-consortium.org) database for sharing data. We
also thank National Natural Science Foundation of China and
Zhongnan Hospital of Wuhan University for the support of the
project fund.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fcvm.2022.978998/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fcvm.2022.978998
http://www.diagram-consortium.org
http://www.diagram-consortium.org
https://www.frontiersin.org/articles/10.3389/fcvm.2022.978998/full#supplementary-material
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Cheng et al.

References

1. Ducker GS, Rabinowitz JD. One-Carbon metabolism in health and disease.
Cell Metab. (2017) 25:27-42. doi: 10.1016/j.cmet.2016.08.009

2. Ables GP, Hens JR, Nichenametla SN. Methionine restriction beyond life-span
extension. Ann N'Y Acad Sci. (2016) 1363:68-79. doi: 10.1111/nyas.13014

3. Pizzolo F, Blom HJ, Choi SW, Girelli D, Guarini P, Martinelli N, et al. Folic acid
effects on s-adenosylmethionine, s-adenosylhomocysteine, and DNA methylation
in patients with intermediate hyperhomocysteinemia. J Am Coll Nutr. (2011)
30:11-8. doi: 10.1080/07315724.2011.10719939

4. Steed MM, Tyagi SC. Mechanisms
in  hyperhomocysteinemia. ~ Antioxid Redox
43. doi: 10.1089/ars.2010.3721

5. Hoogeveen EK, Kostense PJ, Beks PJ, Mackaay AJ, Jakobs C, Bouter
LM, et al. Hyperhomocysteinemia is associated with an increased risk of
cardiovascular disease, especially in non-insulin-dependent diabetes mellitus:
A population-based study. Arterioscler Thromb Vasc Biol. (1998) 18:133-
8. doi: 10.1161/01.ATV.18.1.133

6. Hoogeveen EK, Kostense PJ, Jakobs C, Dekker JM, Nijpels G, Heine
RJ, et al. Hyperhomocysteinemia increases risk of death, especially in type 2
diabetes: 5-Year follow-up of the Hoorn Study. Circulation. (2000) 101:1506-
11. doi: 10.1161/01.CIR.101.13.1506

7. Al-Maskari MY, Waly MI, Ali A, Al-Shuaibi YS, Ouhtit A. Folate and vitamin
B12 deficiency and hyperhomocysteinemia promote oxidative stress in adult type
2 diabetes. Nutrition. (2012) 28:¢23-6. doi: 10.1016/j.nut.2012.01.005

8. Patterson S, Flatt PR, Brennan L, Newsholme P, McClenaghan NH.
Detrimental actions of metabolic syndrome risk factor, homocysteine, on
pancreatic beta-cell glucose metabolism and insulin secretion. ] Endocrinol. (2006)
189:301-10. doi: 10.1677/joe.1.06537

9. Patterson S, Scullion SM, McCluskey JT, Flatt PR, McClenaghan NH.
Prolonged exposure to homocysteine results in diminished but reversible
pancreatic beta-cell responsiveness to insulinotropic agents. Diabetes Metab Res
Rev. (2007) 23:324-34. doi: 10.1002/dmrr.699

of cardiovascular remodeling
Signal.  (2011)  15:1927-

10. Yuan X, Ding S, Zhou L, Wen S, Du A, Diao J. Association between plasma
homocysteine levels and pancreatic islet beta-cell function in the patients with type
2 diabetes mellitus: A cross-sectional study from China. Ann Palliat Med. (2021)
10:8169-79. doi: 10.21037/apm-21-1671

11. Scullion SM, Gurgul-Convey E, Elsner M, Lenzen S, Flatt PR,
McClenaghan NH. Enhancement of homocysteine toxicity to insulin-
secreting BRIN-BD11 cells in combination with alloxan. J Endocrinol. (2012)
214:233-8. doi: 10.1530/JOE-11-0461

12. Bagherieh M, Kheirollahi A, Zamani-Garmsiri F, Emamgholipour S,
Meshkani R. Folic acid ameliorates palmitate-induced inflammation through
decreasing homocysteine and inhibiting NF-kB pathway in HepG2 cells. Arch
Physiol Biochem. (2021) 1-8. doi: 10.1080/13813455.2021.1878539

13. Singh A, Kukreti R, Saso L, Kukreti S. Mechanistic insight into oxidative
stress-triggered signaling pathways and type 2 diabetes. Molecules. (2022)
27:950. doi: 10.3390/molecules27030950

14. Mezza T, Cinti E, Cefalo C, Pontecorvi A, Kulkarni RN, Giaccari A. 3-Cell fate
in human insulin resistance and type 2 diabetes: a perspective on islet plasticity.
Diabetes. (2019) 68:1121-9. doi: 10.2337/db18-0856

15. Yu C, Wang J, Wang E, Han X, Hu H, Yuan J, et al. Inverse association
between plasma homocysteine concentrations and type 2 diabetes mellitus among
a middle-aged and elderly Chinese population. Nutr Metab Cardiovasc Dis. (2018)
28:278-84. doi: 10.1016/j.numecd.2017.11.009

16. Wang Q, Fu C, Xia H, Gao Y. Elevated plasma homocysteine level associated
with further left ventricular structure and function damages in type 2 diabetic
patients: A Three-Dimensional speckle tracking echocardiography study. Metab
Syndr Relat Disord. (2021) 19:443-51. doi: 10.1089/met.2020.0142

17. Smulders YM, Rakic M, Slaats EH, Treskes M, Sijbrands E]J, Odekerken DA,
et al. Fasting and post-methionine homocysteine levels in NIDDM. Determinants
and correlations with retinopathy, albuminuria, and cardiovascular disease.
Diabetes Care. (1999) 22:125-32. doi: 10.2337/diacare.22.1.125

18. Folsom AR, Nieto FJ, McGovern PG, Tsai MY, Malinow MR, Eckfeldt
JH, et al. Prospective study of coronary heart disease incidence in relation to
fasting total homocysteine, related genetic polymorphisms, and B vitamins: The
Atherosclerosis Risk in Communities (ARIC) study. Circulation. (1998) 98:204—
10. doi: 10.1161/01.CIR.98.3.204

Frontiers in Cardiovascular Medicine

09

10.3389/fcvm.2022.978998

19. Afriyie-Gyawu E, Ifebi E, Ampofo-Yeboah A, Kyte B, Shrestha S, Zhang J.
Serum folate levels and fatality among diabetic adults: A 15-y follow-up study of a
national cohort. Nutrition. (2016) 32:468-73. doi: 10.1016/j.nut.2015.10.021

20. Liu Y, Geng T, Wan Z, Lu Q, Zhang X, Qiu Z, et al. Associations
of serum folate and vitamin bl2 levels with cardiovascular disease
mortality among patients with type 2 diabetes. JAMA Netw Open. (2022)
5:€2146124. doi: 10.1001/jamanetworkopen.2021.46124

21.Jin G, Wang J, Jiang X. Association of folate, vitamin B-12 and vitamin B-6
intake with diabetes and prediabetes in adults aged 20 years and older. Asia Pac J
Clin Nutr. (2021) 30:75-86. doi: 10.6133/apjcn.202103_30(1).0010

22. Burgess S, Scott RA, Timpson NJ, Davey SG, Thompson SG. Using published
data in Mendelian randomization: A blueprint for efficient identification of causal
risk factors. Eur ] Epidemiol. (2015) 30:543-52. doi: 10.1007/s10654-015-0011-z

23. Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. JAMA. (2017)
318:1925-6. doi: 10.1001/jama.2017.17219

24. Mahajan A, Taliun D, Thurner M, Robertson NR, Torres JM, Rayner NW,
et al. Fine-mapping type 2 diabetes loci to single-variant resolution using high-
density imputation and islet-specific epigenome maps. Nat Genet. (2018) 50:1505-
13. doi: 10.1038/s41588-018-0241-6

25. Grarup N, Sulem P, Sandholt CH, Thorleifsson G, Ahluwalia TS,
Steinthorsdottir V, et al. Genetic architecture of vitamin B12 and folate
levels uncovered applying deeply sequenced large datasets. PLoS Genet. (2013)
9:¢1003530. doi: 10.1371/journal.pgen.1003530

26. van Meurs JB, Pare G, Schwartz SM, Hazra A, Tanaka T, Vermeulen SH,
et al. Common genetic loci influencing plasma homocysteine concentrations and
their effect on risk of coronary artery disease. Am ] Clin Nutr. (2013) 98:668-
76. doi: 10.3945/ajcn.112.044545

27. Staley JR, Blackshaw J, Kamat MA, Ellis S, Surendran P, Sun BB,
et al. PhenoScanner: A database of human genotype-phenotype associations.
Bioinformatics. (2016) 32:3207-9. doi: 10.1093/bioinformatics/btw373

28. Ripatti P, Ramé JT, Mars NJ, Fu Y, Lin J, Séderlund S, et al. Polygenic
hyperlipidemias and coronary artery disease risk. Circ Genom Precis Med. (2020)
13:€2725. doi: 10.1161/CIRCGEN.119.002725

29. Johannesen C, Langsted A, Mortensen MB, Nordestgaard BG.
Association between low density lipoprotein and all cause and cause
specific mortality in Denmark: Prospective cohort study. BM]J. (2020)
371:m4266. doi: 10.1136/bmj.m4266

30. Fielding S, Fayers PM, Ramsay CR. Investigating the missing data mechanism
in quality of life outcomes: A comparison of approaches. Health Qual Life Outc.
(2009) 7:57. doi: 10.1186/1477-7525-7-57

31. Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis
with multiple genetic variants using summarized data. Genet Epidemiol. (2013)
37:658-65. doi: 10.1002/gepi.21758

32. De Pergola G, Pannacciulli N, Zamboni M, Minenna A, Brocco G, Sciaraffia
M, et al. Homocysteine plasma levels are independently associated with insulin
resistance in normal weight, overweight and obese pre-menopausal women.
Diabetes Nutr Metab. (2001) 14:253-8.

33. Buysschaert M, Dramais AS, Wallemacq PE, Hermans MP.
Hyperhomocysteinemia in type 2 diabetes: Relationship to macroangiopathy,
nephropathy, and insulin resistance. Diabetes Care. (2000) 23:1816-
22. doi: 10.2337/diacare.23.12.1816

34. Meigs JB, Jacques PE, Selhub J, Singer DE, Nathan DM, Rifai N, et al. Fasting
plasma homocysteine levels in the insulin resistance syndrome: The Framingham
offspring study. Diabetes Care. (2001) 24:1403-10. doi: 10.2337/diacare.24.8.1403

35. Ndrepepa G, Kastrati A, Braun S, Koch W, Kélling K, Mehilli J, et al. A
prospective cohort study of predictive value of homocysteine in patients with
type 2 diabetes and coronary artery disease. Clin Chim Acta. (2006) 373:70-
6. doi: 10.1016/j.cca.2006.05.011

36. Huang T, Ren J, Huang J, Li D. Association of homocysteine with type 2
diabetes: A meta-analysis implementing Mendelian randomization approach. Bmc
Genom. (2013) 14:867. doi: 10.1186/1471-2164-14-867

37. Kumar J, Ingelsson E, Lind L, Fall T. No evidence of a causal
relationship between plasma homocysteine and type 2 diabetes: a mendelian
randomization study. Front Cardiovasc Med. (2015) 2:11. doi: 10.3389/fcvm.2015.0
0011

frontiersin.org


https://doi.org/10.3389/fcvm.2022.978998
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1111/nyas.13014
https://doi.org/10.1080/07315724.2011.10719939
https://doi.org/10.1089/ars.2010.3721
https://doi.org/10.1161/01.ATV.18.1.133
https://doi.org/10.1161/01.CIR.101.13.1506
https://doi.org/10.1016/j.nut.2012.01.005
https://doi.org/10.1677/joe.1.06537
https://doi.org/10.1002/dmrr.699
https://doi.org/10.21037/apm-21-1671
https://doi.org/10.1530/JOE-11-0461
https://doi.org/10.1080/13813455.2021.1878539
https://doi.org/10.3390/molecules27030950
https://doi.org/10.2337/db18-0856
https://doi.org/10.1016/j.numecd.2017.11.009
https://doi.org/10.1089/met.2020.0142
https://doi.org/10.2337/diacare.22.1.125
https://doi.org/10.1161/01.CIR.98.3.204
https://doi.org/10.1016/j.nut.2015.10.021
https://doi.org/10.1001/jamanetworkopen.2021.46124
https://doi.org/10.6133/apjcn.202103_30(1).0010
https://doi.org/10.1007/s10654-015-0011-z
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.1038/s41588-018-0241-6
https://doi.org/10.1371/journal.pgen.1003530
https://doi.org/10.3945/ajcn.112.044545
https://doi.org/10.1093/bioinformatics/btw373
https://doi.org/10.1161/CIRCGEN.119.002725
https://doi.org/10.1136/bmj.m4266
https://doi.org/10.1186/1477-7525-7-57
https://doi.org/10.1002/gepi.21758
https://doi.org/10.2337/diacare.23.12.1816
https://doi.org/10.2337/diacare.24.8.1403
https://doi.org/10.1016/j.cca.2006.05.011
https://doi.org/10.1186/1471-2164-14-867
https://doi.org/10.3389/fcvm.2015.00011
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Cheng et al.

38. Zhu J, Chen C, Lu L, Yang K, Reis J, He K. Intakes of folate, vitamin
b (6), and vitamin b (12) in relation to diabetes incidence among american
young adults: A 30-Year follow-up study. Diabetes Care. (2020) 43:2426—
34, doi: 10.2337/dc20-0828

39. Sudchada P, Saokaew S, Sridetch S, Incampa S, Jaiyen S, Khaithong W.
Effect of folic acid supplementation on plasma total homocysteine levels and
glycemic control in patients with type 2 diabetes: A systematic review and meta-
analysis. Diabetes Res Clin Pract. (2012) 98:151-8. doi: 10.1016/j.diabres.2012.05.
027

40. Lind MV, Lauritzen L, Kristensen M, Ross AB, Eriksen JN. Effect of
folate supplementation on insulin sensitivity and type 2 diabetes: A meta-
analysis of randomized controlled trials. Am ] Clin Nutr. (2019) 109:29-
42. doi: 10.1093/ajen/nqy234

41. Tan H, Shi C, Jiang X, Lavelle M, Yu C, Yang X, et al
Hyperhomocysteinemia promotes vascular remodeling in vein graph

Frontiers in Cardiovascular Medicine

10

10.3389/fcvm.2022.978998

in mice. Front Biosci (Landmark Ed). (2014) 19:958-66. doi: 10.2741/4

260

42. Djuric D, Jakovljevic V, Zivkovic V, Srejovic I. Homocysteine and
homocysteine-related compounds: An overview of the roles in the pathology of
the cardiovascular and nervous systems. Can ] Physiol Pharmacol. (2018) 96:991-
1003. doi: 10.1139/cjpp-2018-0112

43. Hwang SY, Siow YL, Au-Yeung KK, House JOK. Folic acid supplementation
inhibits NADPH oxidase-mediated superoxide anion production in the kidney. Am
J Physiol Renal Physiol. (2011) 300:F189-98. doi: 10.1152/ajprenal.00272.2010

44. Zheng Y, Cantley LC. Toward a better understanding of folate metabolism in
health and disease. ] Exp Med. (2019) 216:253-66. doi: 10.1084/jem.20181965

45. Song Y, Cook NR, Albert CM, Van Denburgh M, Manson JE. Effect of
homocysteine-lowering treatment with folic Acid and B vitamins on risk of type
2 diabetes in women: A randomized, controlled trial. Diabetes. (2009) 58:1921~
8. doi: 10.2337/db09-0087

frontiersin.org


https://doi.org/10.3389/fcvm.2022.978998
https://doi.org/10.2337/dc20-0828
https://doi.org/10.1016/j.diabres.2012.05.027
https://doi.org/10.1093/ajcn/nqy234
https://doi.org/10.2741/4260
https://doi.org/10.1139/cjpp-2018-0112
https://doi.org/10.1152/ajprenal.00272.2010
https://doi.org/10.1084/jem.20181965
https://doi.org/10.2337/db09-0087
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

	Circulating homocysteine and folate concentrations and risk of type 2 diabetes: A retrospective observational study in Chinese adults and a Mendelian randomization analysis
	Introduction
	Methods and materials
	Study population
	Laboratory examinations
	Data sources for MR analysis
	Statistical analysis

	Results
	There were observational relationships between circulating homocysteine or folate concentration and risk of T2DM
	A possible negative causal relationship between serum folate and the risk of T2DM was identified in MR analysis

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


