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  Background
It is long known that nutrients and other bioactive food 

components are essential for immune function and dis-

ease prevention. Vitamins are organic micronutrients 

required in small amounts to support various biochemi-

cal processes essential to human health [1]. �ey function 

as cofactors or coenzymes in numerous metabolic path-

ways, influencing cellular functions, immune response, 

and the synthesis of hormones and neurotransmitters. 

Adequate vitamin intake through diet or supplementa-

tion is therefore crucial for maintaining homeostasis and 

preventing disorders associated with deficiency.

Vitamins can exert regulatory effects through epigene-

tic mechanisms, acting as cofactors for specific enzymes, 

modulating gene expression, and influencing histone 

modifications or DNA methylation. �ey have also 

been shown to influence the expression of microRNAs 

(miRNAs), small non-coding RNAs that modulate gene 

expression at the post-transcriptional level [2]. Although 

miRNA regulation has been demonstrated for several 

vitamins, most existing studies have been conducted in 

disease-specific or clinical contexts and typically rely on 

small sample sizes, limiting generalizability.

B vitamins are water-soluble and play a crucial role in 

energy metabolism, nervous system function, red blood 

cell formation, DNA synthesis, and immune response. 

Vitamin B12 (cobalamin) contributes to the regulation 

of specific immune cell populations [3]. Extremely high 

serum B12 concentrations have been associated with 

increased risk of various cancer types [3], likely due to 

its involvement in one-carbon metabolism, DNA synthe-

sis, and energy metabolism [4]. Only a limited number 

of studies have investigated the influence of vitamin B12 

on miRNA expression, mainly in the context of maternal 

dietary supplementation during pregnancy [5, 6]. Folate 

(vitamin B9) is essential for cell proliferation and erythro-

poiesis and, similar to vitamin B12, serves as a key regu-

lator of one-carbon metabolism. Previous research has 

predominantly investigated associations between folate 

and miRNAs in various cancers [7–9] or in relation to 

neural tube defects in early pregnancy [10]. Both vita-

mins are essential during pregnancy as they support fetal 

brain and nervous system development and prevent neu-

ral tube defects [11]. �ey are also supporting neuropsy-

chiatric health [12] and the immune system [3]. Vitamin 

B12 and folic acid are metabolically linked through one-

carbon metabolism, which is essential for DNA synthe-

sis and cell division. Vitamin B12 serves as a cofactor for 

methionine synthase, enabling the conversion of folate 

into its active form required for nucleotide synthesis [13].

In the present study, we aimed to expand the current 

knowledge by investigating the association between cir-

culating serum levels of folic acid (vitamin B9), and vita-

min B12 and plasma levels of circulating miRNAs in 

the population-based cohort SHIP-TREND-0 (N = 792). 

Without focusing our analysis on a specific disease, we 

seek to identify miRNAs whose plasma circulating levels 

are altered by the vitamins in a population-based setting 

and to further characterize the biological processes and 

disease pathways in which these miRNAs are known to 

be involved. �is approach may contribute to a deeper 

understanding of the health-supporting roles of the ana-

lyzed vitamins and molecular consequences of vitamin 

deficiency.

Methods
Study population

�e investigations in the Study of Health in Pomerania 

(SHIP) were carried out in accordance with the Declara-

tion of Helsinki, with all participants providing written 

informed consent. �e survey and study methods were 

approved by the institutional review boards of the Uni-

versity of Greifswald.

SHIP is a population-based project from the northeast 

of Germany, designed to evaluate the prevalence and 

incidence of common diseases and their associated risk 

factors in the population [14]. Between 2008 and 2012, 

the SHIP-TREND-0 sample (referred to as TREND-0) 

was recruited, comprising 4420 participants. �ese indi-

viduals underwent a standardized computer-assisted 

personal interview, providing detailed information on 

sociodemographic and lifestyle factors. Additionally, sev-

eral OMICS profiling approaches and biomarker analyses 

have been carried out with the available various biofluid 

samples. In a subsample of 792 TREND-0 participants, 

data on plasma-circulating miRNA levels were available. 

Medications taken within the past 14 days were classi-

fied according to the Anatomical �erapeutic Chemical 

(ATC) classification system.

Covariates

Blood samples were collected from peripheral blood 

using ante-cubital venipuncture. �e blood was taken in 

the supine position throughout the whole year. Plasma 

was obtained by centrifugation at 3570 ×g for 5  min at 

18 °C, and aliquots were frozen at − 80 °C. Various blood-

based biomarkers like the whole blood count with abso-

lute levels of white blood cells (WBC), lymphocytes, 

neutrophils, platelets (PLT) (in Gpt/l), and red blood cells 

(RBC) (Tpt/l) are available. High-sensitivity C-reactive 

protein (hs-CRP) concentrations were determined in 

serum by nephelometry on the Dimension VISTA (Sie-

mens Healthcare Diagnostics, Eschborn, Germany). 

Plasma fibrinogen concentrations were measured using 

Clauss method assessed by coagulation analyzers (BCS-

XP; Siemens Healthcare Diagnostics, Germany). Body 

mass index (BMI) was defined as (weight in kg)/(height 

in m)2, smoking habits were divided into never, former, 
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and current smokers. Alcohol intake was divided into 

low, medium, and high based on the monthly frequency 

of alcohol intake. Serum cystatin C concentrations were 

measured by the particle-enhanced immunonephelome-

try (N Latex Cystatin C kit, Dade Behring, Marburg, Ger-

many) on the Behring Nephelometer II analyzer (Dade 

Behring, Marburg, Germany).

Vitamin measurement

Serum folic acid and vitamin B12 were measured after 

one freeze-thaw cycle using solid-phase, competitive 

chemiluminescent enzyme immunoassay analyses on 

a Siemens IMMULITE® 2000 automated, quantitative 

immunoassay analyzer (Siemens Healthcare Diagnostics, 

Eschborn, Germany). Vitamin B12 was measured within 

the range of 64 to 2508 pg/ml and folic acid from 1.8 to 

100 ng/ml. Vitamin B12 deficiency was defined as < 250 

pg/ml and folic acid deficiency as < 5 ng/ml. Folic acid 

measurement includes the inactive and more stable form 

of folate as well as well as active forms [15]. �is mea-

surement is a broad indicator of folate availability of the 

organism.

miRNA measurement and preprocessing

For approximately 1000 participants in TREND-0, addi-

tional omics data, including SNP-based genetic data 

and gene expression profiles, were available. �e three 

miRNA batches were selected from this subsample. 

Batches 1 and 2 were randomly selected to be representa-

tive for this subsample. Batch 3 was originally recruited 

as a psychiatric study and is enriched for individuals 

with a history of childhood trauma. In summary, circu-

lating miRNA levels from plasma were measured in a 

subsample of 813 TREND-0 participants, divided into 

three distinct batches (371, 337 and 105 subjects). To 

account for technical variability in each batch, synthetic 

spike-ins (UniSp2, UniSp4, and UniSp5) were added prior 

to the extraction of plasma circulating miRNAs. Before 

using RNA samples for miRNA profiling, the presence 

of spike-ins (UniSp2, UniSp4, UniSp5), yield of typical 

plasma miRNAs, absence of PCR inhibitors (UniSp6, 

Cel-miR-39, UniSp3), as well as hemolysis in the sam-

ples, was assessed by use of a microRNA QC PCR Panel 

V1.M (Qiagen, Hilden, Germany). Samples failing qual-

ity control were excluded from further processing. For 

RT-qPCR-based miRNA analysis, the Serum/Plasma 

Focus microRNA PCR-Panel (Qiagen, Hilden, Germany) 

V3.M and V4.M were employed, covering 179 miRNAs. 

Resulting Ct values below 37 were considered for quan-

tification and Ct values above 37 were treated as miss-

ing because they were considered to be too close to the 

detection limit of the assay. �e remaining Ct values were 

normalized to the lower quartile per sample. After qual-

ity control, technical effects were regressed out, and the 

resulting residuals were used as independent variables in 

subsequent analyses (see Supplementary Information). 

MiRNA preprocessing followed our previously pub-

lished study [16]. A miRNA was included in the analy-

sis if at least 100 subjects had valid measurements for 

that miRNA (see Table S1 for a list of all miRNAs used), 

which resulted in 181 miRNAs for analysis. To account 

for hemolysis while preparing the plasma probes, we cal-

culated the ∆Ct(miR-23a - miR-451) as hemolysis indica-

tor that is used as covariate in the statistical regression 

models [17].

Statistical analyses

Subject characteristics of the final study sample were 

summarized using medians and quantiles (25%, 75%) 

for continuous variables, and counts with percentages 

for categorical variables. Differences between males and 

females were assessed using Chi2 test for categorical data 

and non-parametric tests for dimensional data as most 

of these variables were not normally distributed. Vari-

ous regression analyses were conducted to examine asso-

ciations between different vitamin levels, blood cells, and 

circulating miRNAs in the general population.

Direct effects of vitamins on miRNA levels: Linear 

regression models were used to investigate the asso-

ciation between vitamin levels (predictor) and miRNA 

residuals (outcome). Analyses were adjusted for sea-

sonality, age (both modeled as natural spline), sex, and 

BMI, but also for PLT, miRNA batch, and miRNA-based 

hemolysis indicator.

 

miRNA ∼ vitamin + season+

age + sex + PLT + batch + hemolysis + BMI

Direct effects of vitamins on blood cell count (BCC) and 

inflammation markers: Linear regression models were 

used to investigate the association between vitamin levels 

(predictor) and main blood cell counts (WBC, RBC, PLT) 

as well as markers of inflammation (CRP, fibrinogen) as 

outcome. Analyses were adjusted for seasonality, age 

(both modeled as natural spline), sex, and BMI.

 BCC ∼ vitamin + season + age + sex + BMI

Covariates were selected based on our prior findings 

[16, 18] or relevant literature [19, 20]. Vitamin levels 

were analyzed as either a continuous variable (log2-

transformed due to skewness) or as a categorical variable 

(deficiency vs. non-deficiency based on medical cutoffs).

Multiple testing correction across the miRNA dataset 

was performed using Benjamini-Hochberg (BH) method. 

For significant miRNAs, regression residuals were manu-

ally inspected for normality. For the blood cell count, 

BH-correction was applied. All analyses were conducted 
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Significantly associated miRNAs have been found for 

vitamin B12 as well as for folic acid (Fig. 1, Supplemen-

tary Tables S1/2). Vitamin B12 was significantly associ-

ated with higher levels of miR-29c-3p (pBH = 0.037). For 

folic acid, eight miRNAs were positively associated after 

BH correction, miR-25-3p, miR-93-5p, miR-19a-3p, 

miR-19b-3p, miR-16-5p, miR-140-3p, miR-185-5p, and 

miR-20a-5p (minimal p-value pBH = 0.031). Additional 

adjustment for white and red blood cell count did not 

affect the significance of the association of the previously 

identified miRNAs. �us, there was probably no mediat-

ing effect of these blood cells on the miRNA levels. �ere 

was also no strong overlap between the nominal signifi-

cant miRNAs from both analyses although both vitamins 

are biologically linked. Sex stratified analyses revealed no 

significant differences between males and females in the 

associations of vitamin and miRNA levels (Supplemen-

tary Tables S3-6).

Separating individuals into deficient and non-deficient 

for the different vitamins revealed that vitamin B12 

deficiency was associated with additional miRNAs. We 

observed 129 subjects with vitamin B12 deficiency and 

90 with folic acid deficiency. Vitamin B12 deficiency was 

associated with miR-660-5p, miR-22-3p, miR-222-3p, 

miR-29b-3p, miR-29a-3p, as well as previously identified 

miR-29c-3p which showed higher abundance in subjects 

with normal vitamin B12 levels. For folic acid deficiency 

no significant miRNAs emerged (Supplementary Tables 

S7-8). Results were also robust against additional adjust-

ment for smoking status, alcohol consumption, or serum 

cystatin C as marker for kidney function.

Enrichment in blood cell types

According to the miR-Blood database  (   h t t p s : / / m i r - b l o o 

d . c o m /     [21]), , all miRNAs significantly associated with 

folic acid are predominantly located in plasma and red 

blood cells (Fig. 2A). �e significantly associated miR-

NAs for vitamin B12 showed a mixed pattern with miR-

NAs located in plasma, red and white blood cells (Fig. 

2B). Associations between main blood cell components 

(RBC, WBC, PLT) and inflammation markers (CRP, 

fibrinogen) with the vitamins in our data revealed that 

folic acid was inversely associated with RBC (βstd_RBC 

= -0.09, pBH = 0.008) and WBC (βstd_WBC = -0.12, pBH = 

0.005) and vitamin B12 positively with RBC (βstd_RBC = 

0.075, pBH = 0.05). Significant associations with PLT were 

not observed. Folic acid also revealed an inverse associa-

tion with markers of inflammation which slightly missed 

significance (βstd_Fib = -0.07, pBH = 0.078; βstd_CRP = -0.06, 

pBH = 0.08).

Since both vitamins were associated with RBC, and 

vitamin-associated miRNAs are predominantly located 

in RBCs, we tested if the significantly associated miRNAs 

were also associated with RBC count in our sample. None 

in R version 4.3.0 (https://cran.r-project.org/). Significant 

miRNAs were followed up analyzing their contribution 

in different blood cell types and their involvement in bio-

logical processes and previous associations with diseases 

using publicly available databases.

Results
�e final study sample consisted of 792 subjects with 

complete data for all variables included in the main 

analyses. �e sample included individuals aged 21–79 of 

which 52% were females. Participants had a median BMI 

of 27 ranging from 16.7 to 48.1. Among all participants 

16% were classified as vitamin B12 deficient (< 250 pg/

ml), and 11% as folic acid deficient (< 5 ng/ml). Significant 

differences between males and females were observed for 

BMI, platelet count, RBC, WBC, smoking status, alcohol 

intake, and inflammatory markers (Table 1). �e correla-

tion between both vitamins was r = 0.22.

Association between vitamins and miRNAs

Associations between vitamin B12 and folic acid on 181 

miRNAs were tested in 792 individuals from TREND-0. 

Table 1 Sample characteristic (N = 792) of all study subjects with 

complete data for vitamins and blood cells as well as available 

miRNA data in TREND-0

Males (N = 378, 

47.8%)

Females 

(N = 414, 52.2%)

Com-

parison

Age (in years) 49 (37, 60) 50 (40, 59) P = 0.83

BMI 27.5 (25.0, 29.9) 26.1 (23.4, 30.0) P = 0.004

PLT (Gpt/l) 209 (184, 238) 238 (206, 276) P < 0.001

Fibrinogen (g/l) 2.7 (2.2, 3.2) 3.2 (2.6, 3.5) P < 0.001

CRP (mg/l) 0.95 (0.52, 1.79) 1.32 (0.67, 3.00) P < 0.001

WBC (Gpt/l) 5.3 (4.7, 6.3) 5.6 (4.8, 6.6) P = 0.04

RBC (Tpt/l) 4.9 (4.6, 5.1) 4.5 (4.2, 4.7) P < 0.001

Vitamin B12 (pg/ml) 342 (277, 422) 343 (275, 435) P = 0.63

Folate (vitamin B9) 

(ng/ml)

9.5 (6.4, 13.2) 9.7 (6.3, 13.9) P = 0.43

Smoking status P < 0.001

 Never 119 (31.5%) 193 (46.6%)

 Former 173 (45.8%) 124 (30.0%)

 Current 86 (22.7%) 96 (23.2%)

Alcohol intake P < 0.001

 Low 21 (5.6%) 37 (8.9%)

 Medium 171 (45.2%) 310 (74.9%)

 high 186 (49.2%) 67 (16.2%)

miRNA Batch P < 0.001

 1 181 (47.9%) 177 (42.8%)

 2 170 (45.0%) 161 (38.9%)

 3 27 (7.1%) 76 (18.3%)

For metric variables mean, quantiles (25%, 75%) are reported; for categorical 

variables numbers and percentages are given. Significant differences were 

tested with Wilcoxon test for metric variables and Chi2 test for categorical data. 

BMI: Body Mass Index, PLT: platelet count, CRP: C-reactive protein, WBC: white 

blood cell count, RBC: red blood cell count. Smoking status was missing for one 

subject, CRP levels for two subjects, fibrinogen levels for 8 subjects



Page 5 of 10Van der Auwera et al. Nutrition & Metabolism           (2026) 23:88 

of the miRNAs showed a significant association with 

RBC count, and thus no evidence for a possible mediat-

ing effect of the miRNAs on the path from vitamin levels 

to RBC count. As RBC count only reflects the quantity of 

RBCs and not the quality, results should be treated with 

caution.

  

Fig. 2 Relative contribution of blood components to the levels of the miRNAs significantly associated with folic acid (A) and vitamin B12 (B) deficiency 

in whole blood. Data from the miR-Blood database [21] using scaled proportions of the reads per million (RPM). miRNAs significantly associated with folic 

acid are mainly found in plasma and red blood cells whereas miRNAs associated with vitamin B12 are found in plasma, red blood cells and miR-29 also 

at a high amount in T cells

 

Fig. 1 Associations between circulating miRNAs and vitamin B12 levels (A) and folic acid levels (B), respectively. Significantly associated miRNAs (after 

correction for multiple testing) are highlighted and named. On the x-axis standardized estimates are shown. For the miRNAs ∆CT-values are available and 

positive estimates (β∆Ct > 0) indicate a negative association (since larger ∆Ct values indicate lower miRNA levels) and vice versa
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Enriched pathways and diseases

In order to identify biological systems associated with the 

significant miRNAs, we used the miEAA tool (miRNA 

Enrichment Analysis and Annotation,  h t t  p s : /  / c c  b -  c o 

m p u t e 2 . c s . u n i - s a a r l a n d . d e / m i e a a /     ; [22]) that looks for 

over-representation of miRNA target genes in biologi-

cal pathways. For the eight miRNAs associated with folic 

acid, significant over-represented processes involved cell 

replication, cell-cycle regulation, DNA synthesis, meta-

bolic processes, gene expression, and apoptosis (Fig. 

Fig. 3 Results of the over-representation analyses for the significantly associated miRNAs for folic acid and vitamin B12 using the miEAA tool. Top 10 

of the three categories “GO biological processes”, “Diseases” (using the MNDR – mammal ncRNA-disease repository; [32]), and “KEGG Pathways” (Kyoto 

Encyclopedia of Genes and Genomes). (A) results for the eight miRNAs significantly associated with folic acid, (B) results for the six miRNAs significantly 

associated with vitamin B12
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3A). Moreover, folate metabolism and erythropoiesis 

were over-represented for statistically significant miR-

NAs (Table S9). Further, an over-representation was 

also observed for the folic acid associated miRNAs and 

specific diseases based on data from MNDR (mammal 

ncRNA-disease repository). �ese diseases included 

liver cirrhosis, endometriosis, coronary artery disease, 

and different types of cancer. Significant results for the 6 

miRNAs associated with vitamin B12 also revealed over-

representation for erythropoiesis, cell-cycle regulation, 

and cell maturation. Over-represented diseases include 

Graves’ disease, muscular dystrophy, male infertility, and 

non-alcoholic fatty liver disease (Table S10).

  

Discussion
In this manuscript, we investigated the linear relationship 

between serum vitamin levels for folic acid, and vitamin 

B12 as well as vitamin deficiency and miRNA abundance. 

In addition, we tried to link the identified miRNAs to reg-

ulated biological mechanisms and disease outcomes. Sig-

nificantly associated miRNAs were revealed mainly for 

folic acid levels as well as for vitamin B12 deficiency, with 

no overlap. Our findings provide evidence for an effect 

of folic acid and vitamin B12 on plasma miRNA levels 

which was not influenced by existing associations among 

the vitamins and blood cell components, especially red 

and white blood cell count. �e miRNAs identified were 

predicted to have an impact on various biological func-

tions including cell proliferation, erythropoiesis, DNA 

synthesis, cellular metabolic processes, or fertility and 

pregnancy outcomes in line with the observed associa-

tions with blood cell count. �us, the significant miR-

NAs might be involved in the complex process of vitamin 

induced cell proliferation and erythropoiesis by activat-

ing different miRNAs.

All eight miRNAs associated with serum folic acid 

levels were positively associated with the vitamin level. 

Among them, seven miRNAs have previously been iden-

tified in association with folic acid metabolism or related 

conditions. �e cellular miRNA miR-25-3p is targeting 

the DHFR gene which is a key player in folate metabo-

lism [23]. miR-25-3p has also been found to play a role 

in cell proliferation as it promotes tumor growth [24, 

25]. In a study by Lee and colleagues, genetic variation in 

the MIR25 gene was found to be associated with recur-

rent implantation failure [26] which is supported by 

a study showing the benefit of folate on assisted repro-

duction and reproductive success [27]. �is also reflects 

the strong impact of folate in pregnancy including the 

prevention of neural tube defects (NTD), anemia, and 

preterm birth. Also miR-185-5p was identified as a hub 

gene in folate metabolism and is acting as tumor sup-

pressor gene [28]. Again, miR-185-5p was identified in 

relation with pregnancy as it was suggested as predic-

tive marker for recurrent pregnancy loss suggesting an 

inflammation-mediated mechanism through VEGF [29]. 

In another study related to NTD, folate intake had a posi-

tive effect on NTD through epigenetic downregulation of 

miR-185-5p and introducing methylation changes [30]. 

Further, the miR-20a-5p was upregulated in brain tis-

sue of low folate-induced NTD [31]. �e miRNAs miR-

19a-3p and miR-19b-3p both belong to the miR-19 family 

which has been found to regulate tissue development and 

homeostasis [32]. �e miRNA family also plays a role in 

cell differentiation and proliferation including neurons 

or liver cells [33]. In addition, these miRNAs show asso-

ciations with spinal cord injury and neuropathic pain 

and have been found to change in response to folic acid 

[34] which prevents down-regulation of these miRNAs 

[32, 35]. Also miR-16-5p has been found to interact with 

folate on the risk for pancreatic cancer [7] and also to 

suppress glioma cell proliferation by inhibiting the cell 

cycle and promoting apoptosis [36]. �e miR-140-3p is 

involved in tissue repair after cerebral ischemia where 

vitamins such as folate and vitamin B12 act as cofactors 

[37]. It was also found to be involved in palate formation 

and cleft palate [38] which is known to also be associated 

with folate intake of the mother during pregnancy [39].

Similar to folic acid all six miRNAs significantly associ-

ated with vitamin B12 and B12 deficiency showed a posi-

tive association. Although data on the effects of vitamin 

B12 on miRNA expression are rare, some miRNAs could 

be linked to vitamin B12 and related conditions. Vitamin 

B12 deficiency is generally characterized by hematologi-

cal or neurological problems [40]. All three miRNAs of 

the miR-29 family (29a/b/c) were upregulated in case 

of higher vitamin B12 levels in our sample. �ese miR-

NAs are involved in the regulation of cell differentia-

tion, showing antifibrotic effects and regulating collagen 

expression and general aging phenotypes [41, 42]. On a 

broader level, they have also been associated with neuro-

logical phenotypes [43] and a neurodegenerative diseases 

[44]. Chawrylak and colleagues introduced miR-22-3p as 

a predictor of nutrition deficits in head and neck cancer 

patients [45] as miR-22-3p has been associated with vari-

ous metabolic and nutrition processes. �is malnutrition 

was defined via BMI cutoffs and underweight individu-

als showed lower miR-22-3p expression. MiR-222-3p has 

directly been linked to vitamin B12 levels in pregnant 

woman [46]. Both miRNAs, miR-22-3p and miR-222-3p, 

are possible candidate biomarkers for frontotemporal 

dementia [47]. �e other miRNAs were previously iden-

tified in association with different tumors but without a 

direct link to vitamin B12 effects [48].

In addition to the effects of individual miRNAs, path-

way enrichment analyses of folic acid and vitamin B12 

associated miRNAs revealed strong connections to 
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vitamin metabolism. Both vitamins play essential roles 

in one carbon metabolism and hematopoiesis [49, 50]. 

Fibrinogen associated miRNAs were predominantly over-

represented in neurological disorders (Moyamoya dis-

ease, Myasthenia gravis, dysautonomia familial) as well 

as in conditions related to female reproduction (endo-

metriosis, cervical adenocarcinoma). In contrast, vitamin 

B12 associated miRNAs were mainly linked to immune 

related disorders (Graves’ disease, psoriasis, adenoviri-

dae infections), muscular dystrophy, and male infertility. 

Vitamin B12, similar to folate, has been suggested to play 

a role in both male and female infertility [51]. Nearly all 

significant miRNAs associated with both vitamins have 

been reported in the context of pregnancy related condi-

tions. �ese include gestational diabetes [52, 53], preterm 

birth [54, 55], pregnancy-induced hypertension [56, 57], 

and fetal growth restrictions [58]. �ese findings sug-

gest that folic acid and vitamin B12 may have broader 

implications for healthy pregnancy than previously sug-

gested [59, 60] with miRNAs potentially acting as bio-

logical mediators of these effects on the regulatory level. 

Emerging evidence indicates that miRNAs may serve as 

biomarkers for pregnancy-related complications [57, 

61]. Zhou et al. investigated the diagnostic potential of 

miR-25-3p for predicting hypertensive disorders during 

pregnancy [57] and reported that increased miR-25-3p 

levels were associated with hypertension and preeclamp-

sia. Furthermore, a review analyzing miRNAs associated 

with gestational diabetes identified upregulation of the 

three folic acid associated miRNAs miR-16-5p, miR-

19a-3p, and miR-19b-3p [62]. Additionally, miR-29a-3p 

and miR-29b-3p, both associated with vitamin B12, have 

been explored as potential biomarkers for gestational dia-

betes [63].

Our results are limited by the availability of an inde-

pendent replication sample. Findings from the general 

population could not be transferred to a clinical setting 

regarding fertility and pregnancy outcomes which should 

be tested in further studies. �e miRNA data in our sam-

ple is semi-quantitative and we cannot make conclusions 

for absolute values. Further studies should use quantified 

miRNA levels to define cutoffs for clinical decision mak-

ing. Moreover, the subsample with available miRNA data 

is healthier than the full SHIP-TREND-0 study sample 

which hinders generalizability. In addition, folic acid can 

only be interpreted as a proxy for the current levels of 

active folate in the body.

Conclusions
In conclusion, we confirmed that several miRNAs are 

altered in association with specific vitamin levels, par-

ticularly folic acid and vitamin B12, in the general pop-

ulation. �e significantly associated miRNAs reflect 

the established metabolic and functional roles of these 

vitamins in human health and especially in adverse preg-

nancy outcomes. �ese miRNAs exhibit a pronounced 

over-representation in processes related to cell prolifera-

tion and associated conditions, including hematopoiesis 

and various types of cancer. Furthermore, a substantial 

impact on human fertility and pregnancy was reported 

for the significant miRNAs with first attempts to use 

them as biomarkers, highlighting miRNAs as potential 

targets for clinical applications. Further investigations 

should focus on exploring causal relationships between 

miRNAs and these vitamins and their causal relationship 

towards pregnancy outcomes.

Abbreviations

miRNA  micro–RNA

RBC  Red blood cells

WBC  White blood cells

PLT  Platelet count

CRP  C–reactive protein

BMI  Body mass index

NTD  Neural tube defects

Supplementary Information
The online version contains supplementary material available at  h t t  p s : /  / d o  i .  o r 

g / 1 0 . 1 1 8 6 / s 1 2 9 8 6 - 0 2 6 - 0 1 1 7 7 - 2     .  

Supplementary Material 1

Acknowledgements

We thank all the SHIP-TREND participants for providing their data.

Author contributions

Sandra Van der Auwera contributed to the study conception and design. 

Material preparation and data collection were performed by Sabine Ameling, 

Nele Friedrich, Uwe Völker, and Matthias Nauck. Henry Völzke, Uwe Völker, 

Hans J. Grabe, and Matthias Nauck provided resources for data preparation 

and management. Analyses were performed by Sandra Van der Auwera. The 

first draft of the manuscript was written by Sandra Van der Auwera and all 

authors commented on that version of the manuscript. All authors read and 

approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. SHIP is part of 

the Community Medicine Research Network of the University of Greifswald, 

Germany, which is funded by the German Federal Ministry of Education and 

Research (grants no. 01ZZ9603, 01ZZ0103, 01ZZ0403), the Ministry of Cultural 

Affairs as well as Social Ministry of the Federal State of Mecklenburg-West 

Pomerania.

Data availability

The data of the SHIP study cannot be made publicly available due to 

informed consent of the studyparticipants, but it can be accessed through 

a data application form available at http:// fvcm.me d.uni-g reif swald.de/ for 

researchers who meet criteria for access to confidential data.

Declarations

Ethics approval and consent to participate

The procedures in the Study of Health in Pomerania (SHIP) were carried out 

in accordance with the Declaration of Helsinki, including written informed 

consent from all participants. The survey and study methods were approved 

by the institutional review boards of the University Medicine Greifswald 

(approval number BB39/08).



Page 9 of 10Van der Auwera et al. Nutrition & Metabolism           (2026) 23:88 

Competing interests

HJG has received travel grants and speakers honoraria from Neuraxpharm, 

Indorsia and Boehringer Ingelheim. All other authors declare that they have 

nothing to disclose.

Author details
1Department of Psychiatry and Psychotherapy, University Medicine 

Greifswald, Greifswald, Germany
2German Centre for Neurodegenerative Diseases (DZNE), Site Rostock/

Greifswald, Greifswald, Germany
3Department of Functional Genomics, Interfaculty Institute for Genetics 

and Functional Genomics, University Medicine Greifswald, Greifswald, 

Germany
4DZHK (German Center for Cardiovascular Research), partner site North, 

Greifswald, Germany
5Institute of Clinical Chemistry and Laboratory Medicine, University 

Medicine Greifswald, Greifswald, Germany
6Institute for Community Medicine, University Medicine Greifswald, 

Greifswald, Germany

Received: 10 February 2026 / Accepted: 11 July 2026

References

1. Khajebishak Y, Alivand M, Faghfouri AH, Moludi J, Payahoo L. The effects of 

vitamins and dietary pattern on epigenetic modification of non-communica-

ble diseases: A review. Int J Vitam Nutr Res. 2023;93:362–77.  h t t  p s : /  / d o  i .  o r g / 1 

0 . 1 0 2 4 / 0 3 0 0 - 9 8 3 1 / a 0 0 0 7 3 5     .   

2. Beckett EL, Yates Z, Veysey M, Duesing K, Lucock M. The role of vitamins and 

minerals in modulating the expression of microRNA. Nutr Res Rev Camb Univ 

Press (CUP). 2014;27:94–106. https:/ /doi.or g/10.10 17/s 0954422414000043.

3. Peterson CT, Rodionov DA, Osterman AL, Peterson SN. B Vitamins and Their 

Role in Immune Regulation and Cancer. Nutrients. 2020;12:3380.  h t t  p s : /  / d o  i .  o 

r g / 1 0 . 3 3 9 0 / n u 1 2 1 1 3 3 8 0     .   

4. Tolymbekova A, Lezina L. CD320 Receptor and Vitamin B12 as Potential 

Targets for Anti-Cancer Therapy. Int J Mol Sci. 2025;26:5652.  h t t  p s : /  / d o  i .  o r g / 1 0 

. 3 3 9 0 / i j m s 2 6 1 2 5 6 5 2     .   

5. Shah T, Mishra S, More A, Otiv S, Apte K, Joshi K. Combination of vitamin B12 

active forms improved fetal growth in Wistar rats through up-regulation of 

placental miR-16 and miR-21 levels. Life Sci. 2017;191:97–103.  h t t  p s : /  / d o  i .  o r g / 

1 0 . 1 0 1 6 / j . l f s . 2 0 1 7 . 1 0 . 0 1 7     .   

6. Mahajan A, Sapehia D, Thakur S, Mohanraj PS, Bagga R, Kaur J. Effect of imbal-

ance in folate and vitamin B12 in maternal/parental diet on global methyla-

tion and regulatory miRNAs. Sci Rep. 2019;9:17602.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 3 8 / s 4 

1 5 9 8 - 0 1 9 - 5 4 0 7 0 - 9     .   

7. Tian Y, Xue Y, Ruan G, Cheng K, Tian J, Qiu Q, et al. Interaction of Serum 

microRNAs and Serum Folate With the Susceptibility to Pancreatic Cancer. 

Pancreas. 2015;44:23–30. https:/ /doi.or g/10.10 97/M PA.0000000000000204.

8. Lu L, Zhao H, Liu J, Zhang Y, Wang X. miRNA-mRNA Regulatory Network 

Reveals miRNAs in HCT116 in Response to Folic Acid Deficiency via Regulat-

ing Vital Genes of Endoplasmic Reticulum Stress Pathway. Biomed Res Int. 

2021;2021:6650181. https:/ /doi.or g/10.11 55/2 021/6650181.

9. Niemann B, Nemitz A, Werner J, Mai HD, Steinberg P, Lampen A, et al. Folic 

acid modulates cancer-associated micro RNAs and inflammatory mediators 

in neoplastic and non-neoplastic colonic cells in a different way. Mol Nutr 

Food Res. 2017;61. https:/ /doi.or g/10.10 02/m nfr.201700260.

10. Gurugubelli KR, Ballambattu VB. Perspectives on folate with special reference 

to epigenetics and neural tube defects. Reprod Toxicol. 2024;125:108576. 

https:/ /doi.or g/10.10 16/j .reprotox.2024.108576.

11. Pentieva K, Caffrey A, Duffy B, Ward M, Clements M, Kerr M, et al. B-vitamins 

and one-carbon metabolism during pregnancy: health impacts and chal-

lenges. Proc Nutr Soc. 2025;84:264–78.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 7 / S 0 0 2 9 6 6 5 1 2 4 

0 0 4 8 6 5     .   

12. Sahu P, Thippeswamy H, Chaturvedi SK. Neuropsychiatric manifestations in 

vitamin B12 deficiency. Vitam Horm. 2022;119:457–70.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 

6 / b s . v h . 2 0 2 2 . 0 1 . 0 0 1     .   

13. Castillo LF, Pelletier CM, Heyden KE, Field MS. New Insights into Folate–Vita-

min B12 Interactions. Annu Rev Nutr. 2025;45:23–39.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 1 4 6 / 

a n n u r e v - n u t r - 1 2 0 5 2 4 - 0 4 3 0 5 6     .   

14. Völzke H, Schössow J, Schmidt CO, Jürgens C, Richter A, Werner A, et al. 

Cohort Profile Update: The Study of Health in Pomerania (SHIP). Int J Epide-

miol. 2022;51:e372–83. https:/ /doi.or g/10.10 93/i je/dyac034.

15. Carboni L. Active Folate Versus Folic Acid: The Role of 5-MTHF (Methylfolate) 

in Human Health. Integr Med (Encinitas) Encinitas Calif. 2022;21:36–41.

16. Ameling S, Kacprowski T, Chilukoti RK, Malsch C, Liebscher V, Suhre K, et al. 

Associations of circulating plasma microRNAs with age, body mass index and 

sex in a population-based study. BMC Med Genomics. 2015;8:61.  h t t  p s : /  / d o  i .  o 

r g / 1 0 . 1 1 8 6 / s 1 2 9 2 0 - 0 1 5 - 0 1 3 6 - 7     .   

17. Blondal T, Jensby Nielsen S, Baker A, Andreasen D, Mouritzen P, Wrang Teilum 

M, et al. Assessing sample and miRNA profile quality in serum and plasma or 

other biofluids. Methods. 2013;59:S1–6.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . y m e t h . 2 0 1 2 . 

0 9 . 0 1 5     .   

18. Van der Auwera S, Ameling S, Wiechert A, Friedrich N, Nauck M, Völzke H, et 

al. Circulating miRNAs and inflammatory markers - Associations between 

miRNAs and cytokine levels point to miRNA-mediated sCD40L release from 

platelets. Cytokine. 2025;194:157012.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . c y t o . 2 0 2 5 . 1 5 7 0 

1 2     .   

19. Subramanian A, Burrowes HB, Rumph JT, Wilkerson J, Jackson CL, Jukic AMZ. 

Vitamin D Levels in the United States: Temporal Trends (2011–2018) and Con-

temporary Associations with Sociodemographic Characteristics (2017–2018). 

Nutrients. 2024;16. https:/ /doi.or g/10.33 90/n u16193414.

20. Rounge TB, Umu SU, Keller A, Meese E, Ursin G, Tretli S, et al. Circulating small 

non-coding RNAs associated with age, sex, smoking, body mass and physical 

activity. Sci Rep. 2018;8. https:/ /doi.or g/10.10 38/s 41598-018-35974-4.

21. Jehn J, Trudzinski F, Horos R, Schenz J, Uhle F, Weigand MA, et al. miR-Blood – 

a small RNA atlas of human blood components. Sci Data. 2024;11:164. https:/ 

/doi.or g/10.10 38/s 41597-024-02976-z.

22. Aparicio-Puerta E, Hirsch P, Schmartz GP, Kern F, Fehlmann T, Keller A. miEAA 

2023: updates, new functional microRNA sets and improved enrichment 

visualizations. Nucleic Acids Res. 2023;51:319–25.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 9 3 / n a r 

/ g k a d 3 9 2     .   

23. Nakano M, Fukami T, Gotoh S, Nakajima M, A-to-I. RNA Editing Up-

regulates Human Dihydrofolate Reductase in Breast Cancer. J Biol Chem. 

2017;292:4873–84. https:/ /doi.or g/10.10 74/j bc.M117.775684.

24. Chen H, Pan H, Qian Y, Zhou W, Liu X. MiR-25-3p promotes the proliferation of 

triple negative breast cancer by targeting BTG2. Mol Cancer. 2018;17:4. https:/ 

/doi.or g/10.11 86/s 12943-017-0754-0.

25. Shen L, Hong X, Liu Y, Zhou W, Zhang Y. The miR-25-3p/Sp1 pathway is dys-

regulated in ovarian endometriosis. J Int Med Res. 2020;48:300060520918437. 

https:/ /doi.or g/10.11 77/0 300060520918437.

26. Lee JY, Ahn EH, Kim JO, Park HS, Ryu CS, Kim JH, et al. Associations between 

microRNA (miR-25, miR-32, miR-125, and miR-222) polymorphisms and 

recurrent implantation failure in Korean women. Hum Genomics. 2019;13:68. 

https:/ /doi.or g/10.11 86/s 40246-019-0246-y.

27. Gaskins AJ, Afeiche MC, Wright DL, Toth TL, Williams PL, Gillman MW, et al. 

Dietary folate and reproductive success among women undergoing assisted 

reproduction. Obstet Gynecol. 2014;124:801–9.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 9 7 / A O G . 

0 0 0 0 0 0 0 0 0 0 0 0 0 4 7 7     .   

28. Zhao J, Zou W, Hu T. Novel genes associated with folic acid-mediated 

metabolism in mouse: A bioinformatics study. PLoS ONE. 2020;15:e0238940. 

https:/ /doi.or g/10.13 71/j ournal.pone.0238940.

29. Xiong Y, Fang Z, Dong J, Chen S, Mao J, Zhang W, et al. Maternal circulating 

exosomal miR-185-5p levels as a predictive biomarker in patients with recur-

rent pregnancy loss. J Assist Reprod Genet. 2023;40:553–66.  h t t  p s : /  / d o  i .  o r g / 1 

0 . 1 0 0 7 / s 1 0 8 1 5 - 0 2 3 - 0 2 7 3 3 - y     .   

30. Ichi S, Costa FF, Bischof JM, Nakazaki H, Shen Y-W, Boshnjaku V, et al. Folic acid 

remodels chromatin on Hes1 and Neurog2 promoters during caudal neural 

tube development. J Biol Chem. 2010;285:36922–32.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 7 4 / 

j b c . M 1 1 0 . 1 2 6 7 1 4     .   

31. Wang S, Zeng YB, Pei P, He XJ, Liu F, Wang Y, et al. Characterization of CircRNA-

Associated CeRNA Networks in Folate Deficiency-Induced Neural Tube 

Defects. Biomed Environ Sci. 2023;36:837–49.  h t t  p s : /  / d o  i .  o r g / 1 0 . 3 9 6 7 / b e s 2 0 2 

3 . 0 7 1     .   

32. Li X, Teng C, Ma J, Fu N, Wang L, Wen J, et al. miR-19 family: A promising 

biomarker and therapeutic target in heart, vessels and neurons. Life Sci. 

2019;232:116651. https:/ /doi.or g/10.10 16/j .lfs.2019.116651.

33. Zhang H, Zhu J, Zhang J, Liu Y, Zhao B, Yang X, et al. miR-19a-3p promotes 

the growth of hepatocellular carcinoma by regulating p53/SOX4. Heliyon. 

2024;10:e36282. https:/ /doi.or g/10.10 16/j .heliyon.2024.e36282.

34. Ye L, Morse LR, Falci SP, Olson JK, Shrivastava M, Nguyen N, et al. hsa-MiR-

19a-3p and hsa-MiR-19b-3p Are Associated with Spinal Cord Injury-Induced 



Page 10 of 10Van der Auwera et al. Nutrition & Metabolism           (2026) 23:88 

Neuropathic Pain: Findings from a Genome-Wide MicroRNA Expression Profil-

ing Screen. Neurotrauma Rep. 2021;2:424–39.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 8 9 / n e u r . 2 

0 2 1 . 0 0 1 1     .   

35. Zhu M, Li B, Ma X, Huang C, Wu R, Zhu W, et al. Folic Acid Protected Neural 

Cells Against Aluminum-Maltolate-Induced Apoptosis by Preventing miR-19 

Downregulation. Neurochem Res. 2016;41:2110–8.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 0 7 / s 1 

1 0 6 4 - 0 1 6 - 1 9 2 6 - 9     .   

36. Zhan X-H, Xu Q-Y, Tian R, Yan H, Zhang M, Wu J, et al. MicroRNA16 regulates 

glioma cell proliferation, apoptosis and invasion by targeting Wip1-ATM-p53 

feedback loop. Oncotarget. 2017;8:54788–98.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 8 6 3 2 / o n c o t 

a r g e t . 1 8 5 1 0     .   

37. Kalani A, Kamat PK, Tyagi SC, Tyagi N. Synergy of homocysteine, microRNA, 

and epigenetics: a novel therapeutic approach for stroke. Mol Neurobiol. 

2013;48:157–68. https:/ /doi.or g/10.10 07/s 12035-013-8421-y.

38. Iwaya C, Suzuki A, Iwata J. MicroRNAs and Gene Regulatory Networks Related 

to Cleft Lip and Palate. IJMS. 2023;24:3552.  h t t  p s : /  / d o  i .  o r g / 1 0 . 3 3 9 0 / i j m s 2 4 0 4 3 

5 5 2     .   

39. Kelly D, O’Dowd T, Reulbach U. Use of folic acid supplements and risk of cleft 

lip and palate in infants: a population-based cohort study. Br J Gen Pract. 

2012;62:e466–472. https:/ /doi.or g/10.33 99/b jgp12X652328.

40. Sley EG, Fothergill A, Steel LB, Larvie DY, Roy Choudhury D, Weeks J, et al. 

Vitamin B12 supplementation for anaemia, vitamin B12 status, and health 

outcomes in women of reproductive age. Cochrane Database Syst Rev. 

2026;5:CD016233. https:/ /doi.or g/10.10 02/1 4651858.CD016233.

41. Kriegel AJ, Liu Y, Fang Y, Ding X, Liang M. The miR-29 family: genomics, cell 

biology, and relevance to renal and cardiovascular injury. Physiol Genomics. 

2012;44:237–44. https:/ /doi.or g/10.11 52/p hysiolgenomics.00141.2011.

42. Swahari V, Nakamura A, Hollville E, Hung Y-H, Kanke M, Kurtz CL, et al. 

miR-29 is an important driver of aging-related phenotypes. Commun Biol. 

2024;7:1055. https:/ /doi.or g/10.10 38/s 42003-024-06735-z.

43. Lv X-C, Lin Y, Hou Y-T, Xie M-X, Chen L-W. Association between circulating 

levels of miR-29 and postoperative neurological complications in acute type 

A aortic dissection patients. Front Cardiovasc Med. 2026;13:1636861.  h t t  p s : /  / 

d o  i .  o r g / 1 0 . 3 3 8 9 / f c v m . 2 0 2 6 . 1 6 3 6 8 6 1     .   

44. Juźwik CA, Drake S, Zhang S, Paradis-Isler Y, Sylvester N, Amar-Zifkin A. 

microRNA dysregulation in neurodegenerative diseases: A systematic review. 

Prog Neurobiol. 2019;182:101664.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 1 6 / j . p n e u r o b i o . 2 0 1 9 . 1 

0 1 6 6 4     .   

45. Chawrylak K, Homa-Mlak I, Mazurek M, Płecha E, Brzozowska A, Małecka-

Massalska T, et al. MiR-22-3p as a promising predictor of nutritional deficien-

cies in patients with head and neck cancer subjected to intensity-modulated 

radiation therapy. Sci Rep. 2024;14:28120.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 3 8 / s 4 1 5 9 8 - 0 2 

4 - 7 9 6 4 1 - 3     .   

46. Adaikalakoteswari A, Vatish M, Alam MT, Ott S, Kumar S, Saravanan P. Low 

Vitamin B12 in Pregnancy Is Associated With Adipose-Derived Circulating 

miRs Targeting PPARγ and Insulin Resistance. J Clin Endocrinol Metabolism. 

2017;102:4200–9. https:/ /doi.or g/10.12 10/j c.2017-01155.

47. Martinez B, Peplow PV. MicroRNA biomarkers in frontotemporal dementia 

and to distinguish from Alzheimer’s disease and amyotrophic lateral sclerosis. 

Neural Regen Res. 2022;17:1412–22.  h t t  p s : /  / d o  i .  o r g / 1 0 . 4 1 0 3 / 1 6 7 3 - 5 3 7 4 . 3 3 0 5 

9 1     .   

48. Grigore IA, Rajagopal A, Chow JT-S, Stone TJ, Salmena L. Discovery of miRNA–

mRNA regulatory networks in glioblastoma reveals novel insights into tumor 

microenvironment remodeling. Sci Rep. 2024;14:27493.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 

3 8 / s 4 1 5 9 8 - 0 2 4 - 7 8 3 3 7 - y     .   

49. Lyon P, Strippoli V, Fang B, Cimmino L. B Vitamins and One-Carbon Metabo-

lism: Implications in Human Health and Disease. Nutrients. 2020;12:2867. 

https:/ /doi.or g/10.33 90/n u12092867.

50. Gonçalves CEDS, Santos AA, Sartori T, Oliveira Da Silva R, Vivian GK, De Matos 

LA, et al. The Link Between Vitamins and Hematopoiesis: A Stem Cell Perspec-

tive. Stem Cells Dev. 2025;34:505–13.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 1 7 7 / 1 5 4 7 3 2 8 7 2 5 1 4 0 

0 2 9 8     .   

51. Erdoğan K, Sanlier NT, Sanlier N. Are epigenetic mechanisms and nutrition 

effective in male and female infertility? J Nutr Sci. 2023;12:e103.  h t t  p s : /  / d o  i .  o r 

g / 1 0 . 1 0 1 7 / j n s . 2 0 2 3 . 6 2     .   

52. Zhang L, Wu Q, Zhu S, Tang Y, Chen Y, Chen D, et al. Chemerin-Induced 

Down-Regulation of Placenta-Derived Exosomal miR-140-3p and miR-574-3p 

Promotes Umbilical Vein Endothelial Cells Proliferation, Migration, and Tube 

Formation in Gestational Diabetes Mellitus. Cells. 2022;11:3457.  h t t  p s : /  / d o  i .  o r 

g / 1 0 . 3 3 9 0 / c e l l s 1 1 2 1 3 4 5 7     .   

53. Abdulhadi Nima Z, Shaheed OM. Exploring miR-222-3p and miR-16-5p: 

promising biomarkers for gestational diabetes mellitus diagnosis. Cell Mol 

Biol (Noisy-le-grand). 2025;71:42–8.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 4 7 1 5 / c m b / 2 0 2 5 . 7 1 . 1 0 

. 6     .   

54. Wikström T, Kim SH, Leverin A-L, Wennerholm U-B, Jacobsson B, Valentin L, 

et al. Association between miRNAs in serum at 10–14 gestational weeks and 

spontaneous preterm delivery. Acta Obstet Gynecol Scand. 2024;103:2013–

23. https:/ /doi.or g/10.11 11/a ogs.14926.

55. Marttila S, Rovio S, Mishra PP, Seppälä I, Lyytikäinen L-P, Juonala M, et al. Adult-

hood blood levels of hsa-miR-29b-3p associate with preterm birth and adult 

metabolic and cognitive health. Sci Rep. 2021;11:9203.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 3 

8 / s 4 1 5 9 8 - 0 2 1 - 8 8 4 6 5 - 4     .   

56. Wang F, Yang Q, Wang X, Guo Y, Lin S. CircYTHDF1/miR-19b-3p/YTHDF1 axis 

contributes to pregnancy-induced hypertension development by enhanc-

ing vascular endothelial cell injury. Hypertens Pregnancy. 2024;43:2414976. 

https:/ /doi.or g/10.10 80/1 0641955.2024.2414976.

57. Zhou D, Qu B, Zhang X. Diagnostic value of serum miR-25-3p in hypertensive 

disorders in pregnancy. Women Health. 2022;62:818–26.  h t t  p s : /  / d o  i .  o r g / 1 0 . 1 0 

8 0 / 0 3 6 3 0 2 4 2 . 2 0 2 2 . 2 1 0 8 1 9 3     .   

58. Tagliaferri S, Cepparulo P, Vinciguerra A, Campanile M, Esposito G, Maruotti 

GM, et al. miR-16-5p, miR-103-3p, and miR-27b-3p as Early Peripheral Bio-

markers of Fetal Growth Restriction. Front Pediatr. 2021;9:611112.  h t t  p s : /  / d o  i .  

o r g / 1 0 . 3 3 8 9 / f p e d . 2 0 2 1 . 6 1 1 1 1 2     .   

59. Saccone G, Berghella V. Folic acid supplementation in pregnancy to prevent 

preterm birth: a systematic review and meta-analysis of randomized con-

trolled trials. Eur J Obstet Gynecol Reprod Biol. 2016;199:76–81.  h t t p s : / / d o i . o   r 

g /  1 0  .  1 0 1 6 / j . e j o g r b . 2 0 1 6 . 0 1 . 0 4 2     .   

60. He J, Jiang D, Cui X, Ji C. Vitamin B12 status and folic acid/vitamin B12 related 

to the risk of gestational diabetes mellitus in pregnancy: a systematic review 

and meta-analysis of observational studies. BMC Pregnancy Childbirth. 

2022;22:587. https:/ /doi.or g/10.11 86/s 12884-022-04911-9.

61. Barchitta M, Maugeri A, Quattrocchi A, Agrifoglio O, Agodi A. The Role of 

miRNAs as Biomarkers for Pregnancy Outcomes: A Comprehensive Review. 

Int J Genomics. 2017;2017:1–11. https:/ /doi.or g/10.11 55/2 017/8067972.

62. Li J, Gan B, Lu L, Chen L, Yan J. Expression of microRNAs in patients with 

gestational diabetes mellitus: a systematic review and meta-analysis. Acta 

Diabetol. 2023;60:461–9. https:/ /doi.or g/10.10 07/s 00592-022-02005-8.

63. Deng L, Huang Y, Li L, Chen H, Su J. Serum miR-29a/b expression in gesta-

tional diabetes mellitus and its influence on prognosis evaluation. J Int Med 

Res. 2020;48:300060520954763. https:   //d oi. or g/10 .11 77/0300060520954763.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 

published maps and institutional affiliations.


