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Low B12 in pregnancy alters adipose derived circulating miRs   

Low vitamin B12 in pregnancy is associated with adipose derived 
circulating miRs targeting PPARγ and insulin resistance 
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Context: Low vitamin B12 (B12) during pregnancy is associated with higher maternal 
obesity, insulin resistance(IR) and gestational diabetes(GDM). B12 is a key co-factor in 1-
carbon metabolism.  
Objective: We hypothesize that B12 plays a role in epigenetic regulation by altering 
circulating miRNAs(miRs) during adipocyte differentiation and results in an adverse 
metabolic phenotype.  
Design, settings and main-outcome measure: Human pre-adipocyte cell-line(Chub-S7) 
were differentiated in various B12 concentrations: Control(500nM), LowB12(0.15nM) and 
NoB12(0nM). Maternal blood samples(n=91) and subcutaneous adipose tissue (SAT)(n=42) 
were collected at delivery. Serum B12, folate, lipids, plasma 1-carbon metabolites, miR 
profiling, miR expression and gene expression were measured. 
Results: Our in vitro model demonstrated that adipocytes in B12 deficient conditions 
accumulated more lipids, had higher triglyceride levels and increased gene expression of 
adipogenesis and lipogenesis. MiR array screening revealed differential expression of 
133miRs involving several metabolic pathways (adjusted p<0.05). Altered miR expression 
were observed in 12miRs related to adipocyte differentiation and function in adipocytes. 
Validation of this data in pregnant women with low B12, confirmed increased expression of 
adipo/lipogenic genes and altered miRs in SAT, and altered levels of 11 of the 12miRs in 
circulation. After adjusting for other possible confounders, multiple regression analysis 
revealed an independent association of B12 with BMI (β: -0.264; 95% CI: -0.469, -0.058; 
p=0.013) and was mediated by four circulating miRs targeting PPARγ and IR. 
Conclusions: Low B12 levels in pregnancy alters adipose derived circulating miRs, which 
may mediate an adipogenic and IR phenotype leading to obesity.  

Our study showed that low B12 levels in pregnancy alters adipose derived circulating miRs, which 
may mediate an adipogenic and insulin resistant phenotype leading to obesity. . 

Introduction 

Maternal obesity is a major public health concern and its prevalence has been doubled over 
the past two decades. In UK(1) and USA(2), 27% of women of child-bearing age are 
overweight and 20-32% are obese. Maternal obesity is characterized by the presence of 
excessive amount of adipose tissue (AT) and has adverse effects on maternal health and the 
developing foetus, predisposing them to cardio-metabolic disease later in life(3). AT 
development involves two distinct processes: 1) adipogenesis (increased adipocyte number) 
and 2) lipogenesis (increased  accumulation of lipids)(4). In humans, adipogenesis occurs 
predominantly in the prenatal/postnatal periods and is set during childhood and 
adolescence(5). However, during child-bearing age, the rate of adipocyte generation 
gradually reduces. Any dietary or environmental changes that disturb the balance between 
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adipogenesis and lipogenesis can result in increase in adipocyte size and accumulation of 
lipids, both known to increase IR(6). Therefore understanding the adipocyte biology during 
this period will help to understand the role of adiposity on maternal and child health.   

B12 deficiency in pregnant women is increasingly common(7) and has been shown to be 
associated with higher BMI in many studies(8) as well as IR(9), GDM and type 2 diabetes 
(T2D) in later life(10). An animal study demonstrated(11) that B12 restricted diet resulted in 
higher adiposity, adipocytokines, dyslipidemia and adverse gestational outcomes. While 
biochemical plausibility has been postulated, the exact mechanisms of this link between B12 
and BMI are not known(12). B12 is required for the synthesis of methionine, the precursor of 
S-adenosyl-methionine (SAM), a key methyl donor for DNA methylation(12). DNA 
methylation is involved in the functioning of genes, and depends on the supply of methyl 
groups by methyl-donors such as B12 from the diet(13). Evidence from two independent US 
cohorts demonstrated that the methylation variant of a transcription factor HIF3A 
(rs3826795) exhibited opposite effects on weight change in response to low and high B-
vitamin intakes (14). We have shown that low B12 is associated with hypomethylation of 
cholesterol transcription factor, SREBF1. Our experiments with methylation inhibitor also 
showed that there may be other epigenetic mechanisms involved(15). Thus, it is plausible that 
deficiency in B12 might influence methylation patterns in the DNA as well as other 
epigenetic modulators such as miRs, which regulates gene expression(13). 

Recently, much attention has been given to other regulators of AT development such as 
miRs. MiRs are epigenetic mediators that controls adipocyte differentiation which when 
perturbed can potentially result in unhealthy metabolic phenotype(16, 17) such as 
dyslipidemia, hypertension, IR and possibly elevated risk of developing T2D. Maternal diet 
induced obesity can program AT and modulate miRs during fat cell development(3, 13). In 
addition, circulating miRs have shown to be altered in gestational obesity(18) and in adults 
with different degrees of obesity and T2D(16, 19). 

Taking these observations together, we hypothesize that low B12 levels during pregnancy 
may affect the AT development due to altered adipose derived circulating miRs resulting in 
metabolic phenotype. In this study, we aimed to investigate, 1) the effects of B12 deficiency 
on adipogenesis and lipogenesis in human adipocyte cell line (Chub-S7), 2) the effects of 
B12 deficiency on the miR profile in differentiated Chub-S7 and their secretion, and 3) 
validate the miRs identified in Chub-S7 with the levels of miRs in SAT and circulating miRs 
in serum of pregnant women with low B12 levels.  

Materials and methods 

Elaborate methodology of clinical data collection, in vitro and in vivo experiments are 
detailed in ‘supplemental methods’. They are articulated in brief below. 

Differentiation of human pre-adipocyte cell line (Chub-S7):  
The normal culture media of adipocytes (DMEM/F12 - Cat#11039-Gibco) contains 500nM 
of B12. Green  et al(20) cultured 3T3-adipocytes in B12 concentrations (0-500nM) and 
showed that  the accumulation of odd-chain fatty acids and methylmalonic acid (MMA, tissue 
marker of B12 deficiency) occurs in B12 deficient conditions, which were prevented by 
supplementation of 500nM B12. Our previous study also showed that the methylation 
potential was optimal at 500nM of B12(15, 20). Hence, we chose similar conditions [Control 
(500nM), Low B12 (0.15nM) and NoB12 (0nM)] for our in vitro experiments. 

Study population:  
A cross-sectional study was conducted in the University Hospital Coventry and 
Warwickshire (UHCW), Coventry, UK. Fasting maternal blood samples (n=91) and SAT 
(n=42) were collected at the time of caesarean section(21). 
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Lipid accumulation:  
In adipocytes, cellular lipid accumulation was determined by oil red O staining and 
triglycerides were determined in cell lysates according to manufacturer’s protocol (Abcam). 

Quantitative real-time PCR (q-RT-PCR) of mRNA:  
RNA isolation and q-RT-PCR from Chub-S7 and human SAT were performed(15). 

Locked nucleic acid (LNA) - based miR array profiling:  
miR profiling of RNA from Chub-S7 differentiated in low B12 were performed using LNA 
miRCURY arrays (Exiqon, Denmark). 

Bio-informatics analysis of miRs:  
To examine which metabolic/signalling pathways were affected, we used bioinformatics 
prediction database - Bioconductor (R) package miRNAtap which has prediction algorithms, 
such as DIANA(22), MiRanda(23), PicTar(24) and TargetScan(25). To further determine 
functional relationships of the significant miRs, an integrated regulatory network of miR-
gene-pathway was constructed using Cytoscape software. 

Q-RT-PCR of miR:  
miRCURY LNA miR PCR system (Exiqon) was used to assess the miRs in Chub-S7 & SAT, 
and circulating miRs in conditioned media & maternal serum. 

Analytical determinations:  
Serum B12, folate, cholesterol, triglycerides, HDL-cholesterol(21) and plasma 1-carbon 
metabolites (SAM, S-adenosyl-homocysteine-SAH, methionine, homocysteine, MMA) were 
determined by methods as described in supplement(26). 

Statistical analysis:  
Continuous data were reported as mean ± standard deviation(SD). In vitro data were 
presented as mean ± standard error of the mean (SEM) for at least six independent 
experiments to ensure reproducibility. Student’s t-test was used for comparison of groups, all 
tests were two-sided, and p-values of <0.05 were considered to be statistically significant. 
Where appropriate, clinical data were log-transformed before correlation and regression 
analyses. All analyses were performed using SPSS Statistics v21 (IBMCorp). 

Results  

In vitro study of B12 deficiency on human adipocyte cell line (Chub-S7):  

B12 deficiency on adipogenesis and lipogenesis:  
To evaluate the effect of B12 deficiency in adipocytes and the underlying mechanism, we 
differentiated Chub-S7 in B12 deficient conditions. As shown in Figure 1A-E, we 
demonstrated increased accumulation of lipid droplets and the triglyceride content in 
adipocytes differentiated in B12 deficient conditions. We found that through the process of 
differentiation of adipogenesis, B12 deficient conditions increased the gene expression of key 
transcriptional regulators of adipogenic differentiation such as PPARγ (Peroxisome-
proliferator-activated-receptor-gamma) within 48hrs and CEBPα (CCAAT/enhancer-binding-
protein-alpha) after 6 days, and the levels remained significantly higher for the rest of the 
differentiation time course (14 days) (Supplemental Figure 1A,B) indicating that low B12 
directly affects adipogenesis. Then we showed at day 14, in addition to gene expression of 
PPARγ and CEBPα, the nuclear receptor – RXRα (retinoic-acid-x-receptor-α) that hetero-
dimerizes with PPARγ to regulate lipid metabolism were upregulated.  Similarly, gene 
expression of lipogenic enzymes such as fatty acid synthase (FASN) and acetyl CoA 
carboxylase (ACACA) and the lipid-coating protein (perilipin) were also increased in 
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adipocytes with B12 deficient levels (Figure 1F,G). These findings suggest that low B12 
levels in adipocytes might induce adipogenesis and lipogenesis. 

B12 deficiency on epigenetic regulation:  
To assess the effect of B12 on epigenetic regulation, we treated the adipocytes with B12 in 
the presence of a methylation inhibitor (5-aza-2-deoxycytidine). Gene expression of 
adipogenic regulators (PPARγ, CEBPα, RXRα), lipogenesis (FASN, ACC1) and lipid-
coating protein (perilipin) were increased similar to low B12 (Supplemental Figure 2A,B).  It 
is clear from these findings that methylation inhibition (or hypomethylation) alone may not 
be the only mechanism involved in these alterations, and this led us to further explore other 
epigenetic mechanisms such as miRs. 

B12 deficiency on miR profiling in Chub-S7:  
To investigate the effect of B12 on miR, expression of more than 2042 human miRs 
annotated in miR-Base 18.0 was assessed using miR microarrays in adipocytes differentiated 
with low B12. The miR profiling detected 560 mature human miRs, out of which 133 miRs 
(23.8%) were differentially expressed (adjusted p<0.05). The two-way hierarchical clustering 
analysis showed 97miRs were significantly down-regulated and 36miRs were up-regulated in 
adipocytes cultured in low B12 (p<0.01) (Figure 2A). These findings show that low B12 
alters miR levels. We then carried out the pathway analysis involved with these aberrant miR 
expression. 

MiR targets and biological pathways prediction:  
To further identify and validate the biological roles of the aberrant miRs, analyses were 
carried out using Bioconductor (R) package miRNAtap for target gene prediction. Number of 
target genes for significantly differentially expressed miR varied from 22 target genes (miR-
146a/miR-377) to 994 target genes (miR-23c), with a median number of 344 target genes  
(Figure 2B). The union set of all predicted target genes of 133 differentially expressed miRs 
was analyzed using the hypergeometric statistical test to significantly enrich pathways with 
pathway definitions taken from KEGG database for biological processes and Recon2 for 
metabolic processes. Pathway enrichment analysis resulted in significant (p<0.01) enrichment 
of genes that were related to the regulation of metabolic processes such as lipid, aminoacid, 
nucleotide, transport and glycan metabolism (Figure 2C). Enrichment of biological processes 
revealed that that these miRs were involved in signalling pathways particularly related to IR, 
developmental biology, immunity and inflammation (Figure 2D). Interestingly, enrichment 
analysis indicated that these miRs were involved in classical metabolic and adipocyte 
differentiation pathways, such as the insulin signalling, Wnt signalling, adipocytokine 
signalling, PPAR signalling, phosphotidyl-inositol signalling and triacylglycerol synthesis 
(Figure 2C).  

B12 deficiency on miR expression in Chub-S7 and its secretion:  
To confirm the differences observed in miR array screening, miRs with significant change in 
expression level and the putative target genes associated to adipocyte differentiation and 
function were selected (Figure 2E) and validated by q-RT-PCR analysis.  12miRs chosen for 
validation were the following: 3 targeting PPARγ (miR-27b, miR-23a, miR-130b), 1 
targeting CEBPα (miR-31), 6 targeting adipocyte differentiation (miR-143, miR-145, miR-
146a, miR-221, miR-222, miR-125b) and 2 involved in IR pathways (miR-103a, miR-107) 
(Figure 3A). RT-PCR analysis confirmed that these 12miRs were significantly altered in 
adipocytes and 9 miRs were significantly altered in the condition media (except miR130b, 
miR103a, miR107) (Figure 3B). These results show that low B12 alters adipose derived miRs 
related to adipocyte differentiation and function. To further confirm whether altered miRs in 
response to low B12 could be a putative epigenetic mechanism, we validated these 12 miRs 
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in adipocytes with B12 in the presence of a methylation inhibitor. We found 9 miRs in 
adipocytes and 8 secreted miRs in conditioned media were altered similar to low B12 
(Supplemental Figure 3&4).  Here it is evident that in addition to methylation inhibition, 
other epigenetic mechanisms such as miRs are involved in B12 deficient conditions.  

Study on pregnant women with low B12 levels:   

One-carbon metabolites in pregnant women:  
The clinical characteristics of the study population are shown in supplemental Table 1. 
Reduced methylation potential was observed in women with low B12 status such as lower 
SAM and methionine (Supplemental Table 1). These results indicate that low B12 disturbs 
the 1-C metabolism and alters the levels of SAM, the methyl donor which may reduce the 
effect of methylation of DNA and other epigenetic regulators (miRs).  

Adipo/lipogenic gene expression in human maternal SAT:  
To further evaluate the tissue-specific effect of B12 on human SAT, gene expression of 
adipogenesis and lipogenesis were performed in SAT in pregnant women with low B12 
levels compared to normal B12. We demonstrated that the gene expression of adipogenic 
regulators (PPARγ, CEBPα, RXRα), lipogenesis (FASN, ACC1) and lipid-coating protein 
(perilipin) (Figure 4) were upregulated in maternal SAT with low B12 similar to the 
observation seen in Chub-S7 (Figure 1F&G). These findings suggest that low B12 levels in 
pregnant women might enhance adipogenesis and lipogenesis.  

Validation of miR expression in human maternal SAT:  
Next, we attempted to validate the differential miR expression identified in Chub-S7 to 
human maternal SAT. Expression levels of all the 12 miRs were significantly up- or down-
regulated in SAT from pregnant women with low B12, similar to the observation seen in 
Chub-S7 (Figure 5A).   

Validation of circulating miRs in serum from pregnant women:  
Similarly, we validated the adipose derived miR expression observed in conditioned media 
from Chub-S7 to serum from pregnant women. We observed 11 of the 12 miRs were 
significantly altered in the circulation, except one (miR-31, not detected) in pregnant women 
with low B12 levels (Figure 5B). Interestingly, we also observed that 6 of the 11 miRs from 
serum correlated significantly with miRs from SAT, and 9 of the 12 miRs from the 
conditioned media correlated significantly with the miRs from the Chub-S7 (Supplemental 
Table 2). These results reveal that these circulating miRs are adipose derived and are altered 
due to low B12.  

Association of circulating B12 and circulating miRs with obesity:  
To further explore the relation between circulating B12 and miRs with obesity, we performed 
the following correlation analyses. Circulating B12 was inversely correlated with maternal 
BMI (r=-0.292; p=0.007) and positively with seven circulating miRs - miR-27b (r=0.390; 
p=0.001), miR-103a (r=0.344; p=0.004), miR-107 (r=0.387; p=0.001), miR-125b (r=0.311; 
p=0.010), miR-23a (r=0.323; p=0.007), miR-221 (r=0.274; p=0.026) and miR-222 (r=0.400; 
p=0.001). To further investigate whether the circulating B12 and miRs independently 
contribute to BMI, multiple regression analysis was carried out. Circulating B12 and four 
circulating miRs (miR-27b, miR-23a, miR-103a, miR-107) independently associated with 
BMI after adjusting for likely confounders (age, parity, smoking, insulin, glucose and 
supplement use) (B12 - β: -0.264, p=0.013; miR-27b - β: -0.250, p=0.041; miR-23a - β: -
0.271, p=0.026; miR-103a - β: -0.226, p=0.049; miR-107 - β: -0.228, p=0.041). We also 
confirmed that excluding the GDM subjects with low B12 on insulin/metformin therapy 
(n=2), the association of B12 and miRs with BMI remained the same suggesting no effect of 
associated therapy on BMI (data not shown). However, in multiple regression analysis, the 
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association of B12 with BMI became non-significant after further adjusting for these four 
circulating miRs, thereby highlighting a mediating role by circulating miRs between B12 and 
BMI (Table 1).   

To further study the function of these four circulating miRs in metabolic pathways, we 
constructed a miR-gene-pathway network for these four miRs with their known or predicted 
target genes and annotated pathways. Figure 5C shows the network of these four miRs shared 
the targets related to five metabolic pathways related to IR (PPARγ, adipocytokine, insulin, 
Wnt and T2D) and the six validated genes uniquely regulated by at least one miR each 
(PPARγ gene as a predicted target of miR-27b and mir-23a; CEBPα as predicted target of 
miR-23a; FASN as predicted target of miR-107, miR-27b and miR-103a; RXRα, ACACA 
and PLIN as predicted targets of miR-27b). Therefore, our findings strongly implicate that 
these four miRs could regulate the adipogenic/lipogenic genes and may mediate an obesity 
and insulin resistant effect in low B12 status.  

Discussion 

Our study shows that B12 deficiency in human adipocytes changes tissue-specific miRs and 
circulating miRs, and leads to adverse metabolic phenotype. Here we have demonstrated that 
B12 deficiency in adipocytes: 1) caused excess accumulation of lipids, 2) increased the 
expression of genes that regulates adipogenesis and lipogenesis and 3) resulted in aberrant 
expression of miRs involved in key metabolic pathways such as PPARγ and IR. These were 
first demonstrated in human adipocyte cell line and then validated in human SAT. In 
addition, our clinical study findings supports that the association between low B12 and 
obesity appeared to be mediated by adipose derived circulating miRs targeting these 
pathways.  

AT development is associated with both increasing adipocyte cell numbers and their 
ability to accumulate lipids (4, 6). We observed low B12, both in vitro (adipocytes) and in 
vivo (adipose tissue at the time of childbirth), caused increased adipogenesis (PPARγ, 
CEBPα, RXRα) and lipogenesis (FASN, ACACA), indicating that low B12 affects the two 
distinct processes of AT development. Similar findings were observed in rats where B12 
deficiency resulted in differential expression of PPAR signalling pathway(27) and higher 
activities of hepatic FASN and ACACA(28). We have previously shown in adipocytes that 
low B12 conditions caused hypomethylation of cholesterol transcription factor, SREBF1 
(15). It is known that SREBF1 induces PPARγ and regulates genes necessary for 
lipogenesis(29).   

Our in vitro experiments showed that adipocytes in low B12 conditions displayed 
increased lipid accumulation. As B12 is a key micronutrient essential for functioning of most 
tissues, similar process may also happen in hepatocytes. If such dysregulation of lipid occurs 
in hepatocytes, it is plausible, this might contribute to higher circulating lipids, an observation 
seen in women with low B12(16), who had lower methylation potential (supplement Table 1) 
and in mice fed with a B12 restricted (11, 28) or methyl-deficient diet(30). Interestingly, their 
pups also exhibited dyslipidemic profile, an observation previously reported by us from this 
clinical cohort that lower maternal B12 was associated with lower HDL in the cord 
blood(21). Whether this is due to adverse epigenetic programming requires further 
longitudinal, mechanistic as well as interventional studies. 

Nutrient imbalance can cause epigenetic modifications through several mechanisms 
including DNA methylation, histone modification, chromatin remodelling, and changes in the 
expressions of small and long non-coding RNAs such as miRs(13). While DNA methylation 
and histone modification are extensively studied, number of recent studies explored the 
mechanistic aspects of miRs on regulation of protein-coding genes. However, there is no 
study demonstrating the effects of micronutrient deficiency on miR expression, especially in 
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SAT. In this study, we report a comprehensive database of differential expression patterns of 
133miRs in adipocytes differentiated with low B12. Pathway enrichment analysis of miR 
array data revealed that these miRs were involved in several metabolic pathways including 
adipocyte biology and IR such as insulin signalling, Wnt, adipocytokine, PPAR, 
phosphotidyl-inositol as well as triacylglycerol synthesis pathways. We reported here, 12 
miRs related to adipocyte differentiation and function that have been associated with obesity. 
Our in vitro adipocyte experiments showed that these miRs were significantly altered in B12 
deficient conditions. These findings were replicated in SAT from pregnant women with low 
B12 levels. Previous studies have shown that  overexpression/knockdown  of miR-27b(31), 
miR-23a(32) and miR-130b(33, 34) as important regulators of adipogenesis by targeting 
PPARγ and these miRs are downregulated in AT from obese subjects with or without 
diabetes. Studies in AT from obese women have shown that miR-31 downregulates CEBPα 
expression at both the transcriptional and translational level (35). In addition, miR-143(17), 
miR-145(36), miR-146a(37), miR-221(16, 17), miR-222(16, 17) and miR-125b(16, 17) have 
been shown to exhibit a role in adipocyte differentiation and were significantly altered in 
morbid-obese patients, pre-pubertal children and in AT of obese mouse models. Furthermore, 
the role of miR-103a and miR-107(17)  in IR has been shown in rodent T2D models and in 
3T3-L1 adipocytes. Thus, we showed that low B12 causes aberrant miR expression in SAT 
and their association with adipogenesis and obesity. Our findings support similar other 
observations of altered tissue specific miR expression in human placenta exposed to low 
folate(38) and 3T3-L1 adipocytes exposed to Vitamin A(39). 

In addition to these tissue level changes, we observed that the secretion of the adipose 
derived miRs were significantly altered in adipocytes differentiated in vitro in B12 deficient 
conditions and correspondingly in the circulation in pregnant women with low B12. The 
tissue expressions of the miRs and circulating miRs also correlated with each other 
(Supplemental Table 2), indicating the primary source of these miRs could be the SAT. 
However, 3 of the 12miRs (miR-143, miR-145, miR-146a) and the correlation of miR-145 
with human SAT were in the opposite direction. As the effects of low B12 status can be 
global, other tissues such as liver, muscle or placenta could also contribute to the circulating 
levels, which may explain this observation. It is also possible that these miRs were induced 
during adipogenesis but are downregulated in obese state, consistent with previous 
studies(17). Circulating miRs provide a possible mechanism for cross-talk between tissues. If 
these aberrant miRs gets transferred across the placenta, it may cause adverse epigenetic 
changes in the tissues of the offspring and predispose them to metabolic disorders in their 
later life(40). Future studies are required to prove these speculations. 

Finally, multiple regression analyses revealed that the circulating B12 and 4 of the 
circulating miRs (miR-27b, miR-23a, miR-103a and miR-107) were independently associated 
with BMI, after adjusting for other possible confounders. Further regression analysis showed 
that the inverse association between B12 and BMI was reduced when adjusted for these 4 
miRs. This suggests that the link between B12 and BMI may be partly mediated through 
these miRs (Table 1). Other studies(8, 10, 15, 21) have shown strong inverse association 
between B12 and BMI. However, this is the first description demonstrating that these miRs 
regulating adipogenesis may potentially play a causal role. On the contrary, whilst our 
clinical data showed the association of B12 with miRs targeting IR, it did not show with 
HOMA-IR. This might be due to the sample size or it is possible that these pregnant women 
will develop IR in the future, as obesity usually precedes IR. If these findings are replicated 
in longitudinal studies, these miRs may represent early pregnancy bio-markers for IR in 
women with low B12 levels.  

In summary, our study identified that B12 deficiency in pregnancy is independently 
associated with adipose derived circulating miRs, which are known to affect PPARγ and IR 
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pathways. This study provides new insight that these adipose derived circulating miRs can act 
as a novel mode of cell signalling molecules which may predispose metabolic disorders to 
both mothers and offspring in later life. Thus identification of B12 induced epigenetic 
signatures could provide unique opportunity to study predictive miR biomarkers and future 
therapeutic targets for obesity.   

Acknowledgments:  
The authors thank all the clinic staffs at University Hospital Coventry Warwickshire for the 
subject recruitment of the study population. We thank all the clinic staffs at George Eliot 
Hospital, the assistance of clinical research nurses (Mr Selvin Selvamoni, Mrs Karen 
Shorthouse and Mrs Judith Plester), research coordinators (Mrs Amitha Gopinath and Mrs 
Karen Rouault) in supporting the recruitment of patients, and Ilona Goljan for the sample 
analysis of 1-cabon metabolites. We also acknowledge Mr Craig Webster, the clinical staffs 
and the LC-MS/MS facility at Heartlands Hospital. The funding body did not have any input 
on the design, objectives or the analysis of the results. 

Corresponding author: *Prof Ponnusamy Saravanan (Address: Clinical Sciences 
Research Laboratories, University of Warwick, UHCW Campus, Clifford Bridge 
Road, Coventry CV2 2DX, UK; Tel: +44 2476968668, Fax: +44 2476968653; 
P.Saravanan@warwick.ac.uk) 

Source of Funding: The study was supported by Diabetes Research Fund, George Eliot NHS 
trust, Nuneaton, UK. PS and MV were in part supported by the Medical Research Council 
(MRC), UK. 

Author Contributions: AA and PS conceived the research question and study design. AA 
performed all the experiments, data collection, statistical analysis, data interpretation and 
drafted the manuscript. MTA and SO were involved in the bio-informatics analysis and data 
interpretation. MV involved in the recruitment of the pregnant women, collection of adipose 
tissue and blood samples. SK and PS were involved in data interpretation and reviewed the 
manuscript for intellectual content. All authors contributed, revised and approved the final 
version of the manuscript before submission. PS is the guarantor of this work and had full 
access to all the data presented in the study and takes full responsibility for the integrity and 
the accuracy of the data analysis.  

Disclosures: Authors declare no disclosures relevant to this manuscript. 

References: 
1. Health Survey for England N 2016 Chapter 9 - Adult obesity and overweight. 
http://www.hscic.gov.uk/catalogue/PUB19295 
2. Ogden CL, Carroll MD, Kit BK, Flegal KM 2014 Prevalence of childhood and 
adult obesity in the United States, 2011-2012. JAMA : the journal of the American Medical 
Association 311:806-814 
3. Nicholas LM, Morrison JL, Rattanatray L, Zhang S, Ozanne SE, McMillen IC 
2016 The early origins of obesity and insulin resistance: timing, programming and 
mechanisms. Int J Obes (Lond) 40:229-238 
4. Lecoutre S, Breton C 2015 Maternal nutritional manipulations program adipose 
tissue dysfunction in offspring. Frontiers in physiology 6:158 
5. Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, Bergmann O, 
Blomqvist L, Hoffstedt J, Naslund E, Britton T, Concha H, Hassan M, Ryden M, Frisen 
J, Arner P 2008 Dynamics of fat cell turnover in humans. Nature 453:783-787 
6. Virtue S, Vidal-Puig A 2010 Adipose tissue expandability, lipotoxicity and the 
Metabolic Syndrome--an allostatic perspective. Biochimica et biophysica acta 1801:338-349 

A
D

V
A

N
C

E
 A

R
T

IC
LE

:
T

H
E

 J
O

U
R

N
A

L 
O

F
 C

LI
N

IC
A

L 
E

N
D

O
C

R
IN

O
LO

G
Y

 &
 M

E
T

A
B

O
LI

S
M

JC
EM



ADVANCE A
RTIC

LE

The Journal of Clinical Endocrinology & Metabolism; Copyright 2017  DOI: 10.1210/jc.2017-01155 
 

 9

7. Sukumar N, Rafnsson SB, Kandala NB, Bhopal R, Yajnik CS, Saravanan P 2016 
Prevalence of vitamin B-12 insufficiency during pregnancy and its effect on offspring birth 
weight: a systematic review and meta-analysis.  103:1232-1251 
8. Yajnik CS, Deshpande SS, Jackson AA, Refsum H, Rao S, Fisher DJ, Bhat DS, 
Naik SS, Coyaji KJ, Joglekar CV, Joshi N, Lubree HG, Deshpande VU, Rege SS, Fall 
CH 2008 Vitamin B12 and folate concentrations during pregnancy and insulin resistance in 
the offspring: the Pune Maternal Nutrition Study. Diabetologia 51:29-38 
9. Knight BA, Shields BM, Brook A, Hill A, Bhat DS, Hattersley AT, Yajnik CS 
2015 Lower Circulating B12 Is Associated with Higher Obesity and Insulin Resistance 
during Pregnancy in a Non-Diabetic White British Population. PloS one 10:e0135268 
10. Krishnaveni GV, Hill JC, Veena SR, Bhat DS, Wills AK, Karat CL, Yajnik CS, 
Fall CH 2009 Low plasma vitamin B12 in pregnancy is associated with gestational 'diabesity' 
and later diabetes. Diabetologia 52:2350-2358 
11. Ghosh S, Sinha JK, Putcha UK, Raghunath M 2016 Severe but Not Moderate 
Vitamin B12 Deficiency Impairs Lipid Profile, Induces Adiposity, and Leads to Adverse 
Gestational Outcome in Female C57BL/6 Mice. Frontiers in Nutrition 3 
12. Finer S, Saravanan P, Hitman G, Yajnik C 2014 The role of the one-carbon cycle 
in the developmental origins of Type 2 diabetes and obesity. Diabetic medicine : a journal of 
the British Diabetic Association 31:263-272 
13. Chango A, Pogribny IP 2015 Considering maternal dietary modulators for 
epigenetic regulation and programming of the fetal epigenome. Nutrients 7:2748-2770 
14. Huang T, Zheng Y, Qi Q, Xu M, Ley SH, Li Y, Kang JH, Wiggs J, Pasquale LR, 
Chan AT, Rimm EB, Hunter DJ, Manson JE, Willett WC, Hu FB, Qi L 2015 DNA 
Methylation Variants at HIF3A Locus, B-Vitamin Intake, and Long-term Weight Change: 
Gene-Diet Interactions in Two U.S. Cohorts. Diabetes 64:3146-3154 
15. Adaikalakoteswari A, Finer S, Voyias PD, McCarthy CM, Vatish M, Moore J, 
Smart-Halajko M, Bawazeer N, Al-Daghri NM, McTernan PG, Kumar S, Hitman GA, 
Saravanan P, Tripathi G 2015 Vitamin B12 insufficiency induces cholesterol biosynthesis 
by limiting s-adenosylmethionine and modulating the methylation of SREBF1 and LDLR 
genes. Clinical epigenetics 7:14 
16. Ortega FJ, Moreno-Navarrete JM, Pardo G, Sabater M, Hummel M, Ferrer A, 
Rodriguez-Hermosa JI, Ruiz B, Ricart W, Peral B, Fernandez-Real JM 2010 MiRNA 
expression profile of human subcutaneous adipose and during adipocyte differentiation. PloS 
one 5:e9022 
17. Xie H, Lim B, Lodish HF 2009 MicroRNAs induced during adipogenesis that 
accelerate fat cell development are downregulated in obesity. Diabetes 58:1050-1057 
18. Carreras-Badosa G, Bonmati A, Ortega FJ, Mercader JM, Guindo-Martinez M, 
Torrents D, Prats-Puig A, Martinez-Calcerrada JM, Platero E, De Zegher F, Ibanez L, 
Fernandez-Real JM, Lopez-Bermejo A, Bassols J 2015 Altered circulating miRNA 
expression profile in pregestational and gestational obesity. The Journal of clinical 
endocrinology and metabolism:jc20152872 
19. Ortega FJ, Mercader JM, Moreno-Navarrete JM, Rovira O, Guerra E, Esteve E, 
Xifra G, Martinez C, Ricart W, Rieusset J, Rome S, Karczewska-Kupczewska M, 
Straczkowski M, Fernandez-Real JM 2014 Profiling of circulating microRNAs reveals 
common microRNAs linked to type 2 diabetes that change with insulin sensitization. 
Diabetes care 37:1375-1383 
20. Green CR, Wallace M, Divakaruni AS, Phillips SA, Murphy AN, Ciaraldi TP, 
Metallo CM 2016 Branched-chain amino acid catabolism fuels adipocyte differentiation and 
lipogenesis. Nat Chem Biol 12:15-21 

A
D

V
A

N
C

E
 A

R
T

IC
LE

:
T

H
E

 J
O

U
R

N
A

L 
O

F
 C

LI
N

IC
A

L 
E

N
D

O
C

R
IN

O
LO

G
Y

 &
 M

E
T

A
B

O
LI

S
M

JC
EM



ADVANCE A
RTIC

LE

The Journal of Clinical Endocrinology & Metabolism; Copyright 2017  DOI: 10.1210/jc.2017-01155 
 

 10

21. Adaikalakoteswari A, Vatish M, Lawson A, Wood C, Sivakumar K, McTernan 
PG, Webster C, Anderson N, Yajnik CS, Tripathi G, Saravanan P 2015 Low maternal 
vitamin B12 status is associated with lower cord blood HDL cholesterol in white Caucasians 
living in the UK. Nutrients 7:2401-2414 
22. Maragkakis M, Vergoulis T, Alexiou P, Reczko M, Plomaritou K, Gousis M, 
Kourtis K, Koziris N, Dalamagas T, Hatzigeorgiou AG 2011 DIANA-microT Web server 
upgrade supports Fly and Worm miRNA target prediction and bibliographic miRNA to 
disease association. Nucleic acids research 39:W145-148 
23. Enright AJ, John B, Gaul U, Tuschl T, Sander C, Marks DS 2003 MicroRNA 
targets in Drosophila. Genome biology 5:R1 
24. Lall S, Grun D, Krek A, Chen K, Wang YL, Dewey CN, Sood P, Colombo T, 
Bray N, Macmenamin P, Kao HL, Gunsalus KC, Pachter L, Piano F, Rajewsky N 2006 
A genome-wide map of conserved microRNA targets in C. elegans. Current biology : CB 
16:460-471 
25. Friedman RC, Farh KK, Burge CB, Bartel DP 2009 Most mammalian mRNAs are 
conserved targets of microRNAs. Genome research 19:92-105 
26. Adaikalakoteswari A, Webster C, Goljan I, Saravanan P 2016 Simultaneous 
detection of five one-carbon metabolites in plasma using stable isotope dilution liquid 
chromatography tandem mass spectrometry. Journal of chromatography. B, Analytical 
technologies in the biomedical and life sciences 1012-1013:186-192 
27. Ahmad S, Kumar KA, Basak T, Bhardwaj G, Yadav DK, Lalitha A, Chandak 
GR, Raghunath M, Sengupta S 2013 PPAR signaling pathway is a key modulator of liver 
proteome in pups born to vitamin B(12) deficient rats. Journal of proteomics 91:297-308 
28. Kumar KA, Lalitha A, Pavithra D, Padmavathi IJ, Ganeshan M, Rao KR, Venu L, 
Balakrishna N, Shanker NH, Reddy SU, Chandak GR, Sengupta S, Raghunath M 2013 
Maternal dietary folate and/or vitamin B12 restrictions alter body composition (adiposity) 
and lipid metabolism in Wistar rat offspring. The Journal of nutritional biochemistry 24:25-
31 
29. Kim JB, Wright HM, Wright M, Spiegelman BM 1998 ADD1/SREBP1 activates 
PPARgamma through the production of endogenous ligand. Proceedings of the National 
Academy of Sciences of the United States of America 95:4333-4337 
30. Pooya S, Blaise S, Moreno Garcia M, Giudicelli J, Alberto JM, Gueant-
Rodriguez RM, Jeannesson E, Gueguen N, Bressenot A, Nicolas B, Malthiery Y, Daval 
JL, Peyrin-Biroulet L, Bronowicki JP, Gueant JL 2012 Methyl donor deficiency impairs 
fatty acid oxidation through PGC-1alpha hypomethylation and decreased ER-alpha, ERR-
alpha, and HNF-4alpha in the rat liver. Journal of hepatology 57:344-351 
31. Karbiener M, Fischer C, Nowitsch S, Opriessnig P, Papak C, Ailhaud G, Dani C, 
Amri EZ, Scheideler M 2009 microRNA miR-27b impairs human adipocyte differentiation 
and targets PPARgamma. Biochemical and biophysical research communications 390:247-
251 
32. Shen L, Zhang Y, Du J, Chen L, Luo J, Li X, Li M, Tang G, Zhang S, Zhu L 
2015 MicroRNA-23a regulates 3T3-L1 adipocyte differentiation. Gene 
33. Lee EK, Lee MJ, Abdelmohsen K, Kim W, Kim MM, Srikantan S, Martindale 
JL, Hutchison ER, Kim HH, Marasa BS, Selimyan R, Egan JM, Smith SR, Fried SK, 
Gorospe M 2011 miR-130 suppresses adipogenesis by inhibiting peroxisome proliferator-
activated receptor gamma expression. Molecular and cellular biology 31:626-638 
34. Pan S, Zheng Y, Zhao R, Yang X 2013 MicroRNA-130b and microRNA-374b 
mediate the effect of maternal dietary protein on offspring lipid metabolism in Meishan pigs. 
The British journal of nutrition 109:1731-1738 

A
D

V
A

N
C

E
 A

R
T

IC
LE

:
T

H
E

 J
O

U
R

N
A

L 
O

F
 C

LI
N

IC
A

L 
E

N
D

O
C

R
IN

O
LO

G
Y

 &
 M

E
T

A
B

O
LI

S
M

JC
EM



ADVANCE A
RTIC

LE

The Journal of Clinical Endocrinology & Metabolism; Copyright 2017  DOI: 10.1210/jc.2017-01155 
 

 11

35. Tang YF, Zhang Y, Li XY, Li C, Tian W, Liu L 2009 Expression of miR-31, miR-
125b-5p, and miR-326 in the adipogenic differentiation process of adipose-derived stem 
cells. Omics : a journal of integrative biology 13:331-336 
36. Du J, Cheng X, Shen L, Tan Z, Luo J, Wu X, Liu C, Yang Q, Jiang Y, Tang G, 
Li X, Zhang S, Zhu L 2016 Methylation of miR-145a-5p promoter mediates adipocytes 
differentiation. Biochemical and biophysical research communications 475:140-148 
37. Ahn J, Lee H, Jung CH, Jeon TI, Ha TY 2013 MicroRNA-146b promotes 
adipogenesis by suppressing the SIRT1-FOXO1 cascade. EMBO Molecular Medicine 
5:1602-1612 
38. Baker BC, Mackie FL, Lean SC, Greenwood SL, Heazell AE, Forbes K, Jones 
RL 2017 Placental dysfunction is associated with altered microRNA expression in pregnant 
women with low folate status. Molecular nutrition & food research 
39. Perri M, Caroleo MC, Liu N, Gallelli L, De Sarro G, Kagechika H, Cione E 2017 
9-cis Retinoic acid modulates myotrophin expression and its miR in physiological and 
pathophysiological cell models. Experimental cell research 354:25-30 
40. Li J, Zhang Y, Li D, Liu Y, Chu D, Jiang X, Hou D, Zen K, Zhang CY 2015 
Small non-coding RNAs transfer through mammalian placenta and directly regulate fetal 
gene expression. Protein & Cell 6:391-396 

Figure 1: Oil red O staining of adipocytes in (A) Control (B) Low B12, (C) No B12 (lipid 
droplets stained as red). B12 deficient conditions increases (D) lipid accumulation and (E) 
triglycerides in human adipocytes. Low B12 increases gene expression of (F) adipogenic 
regulators and (G) lipogenesis in Chub-S7. All experiments were performed as n=6; Control, 
LB-Low B12, NoB-NoB12. Values are mean ± SEM. *P ≤ 0.05; **P ≤ 0.01, ***P ≤ 0.001, 
p-value compared to control. 

Figure 2: (A) Hierarchical clustering of 133 differentially expressed miRs in adipocytes 
differentiated in vitro with low B12 levels. C-Control: n=6; LB-Low B12: n=6. Red – 
represents expression level below mean (down-regulated) and Green - represents expression 
level above mean (up-regulated); adjusted p<0.05. (B) Number of predicted target genes for 
133 differentially expressed miRs that varied from 22 targets (miR-146a and miR-377) to 994 
targets (miR-23c), with a median number of 344 targets. (C) Enrichment analysis for 
metabolic pathways using Recon2; p<0.01. (D) Enrichment analysis for signalling pathways 
using KEGG; p<0.01. (E) Hierarchical clustering of 12 selected miRs related to adipocyte 
differentiation and function; adjusted p<0.05.  

Figure 3: (A) Low B12 alters miRs related to adipocyte differentiation and function in Chub-
S7. (B) Low B12 alters secreted miR’s related to adipocyte differentiation and function in 
conditioned media from Chub-S7. All experiments were performed as n=6; Control, LB-Low 
B12, NoB-NoB12. Values are mean ± SEM. *P ≤ 0.05; **P ≤ 0.01, ***P ≤ 0.001, p-value 
compared to control. 

Figure 4: (A) Gene expression of adipogenic regulators and lipogenesis in human maternal 
SAT. Control: n=29; LB-Low B12: n=13. Values are mean ± SEM. *P ≤ 0.05; **P ≤ 0.01, 
***P ≤ 0.001, p-value compared to control.  

Figure 5: (A) MiR expression in a subset of human SAT. Control: n=17; LB-Low B12: 
n=13. (B) Circulating miRs expression in a sub-set of serum from pregnant women with low 
B12 levels. Control: n=38; Low B12: n=34. Values are mean ± SEM. *P ≤ 0.05; **P ≤ 0.01, 
***P ≤ 0.001, p-value compared to control. (C) MiR-gene-pathway regulatory network 
shows the network of the five pathways related to IR and the six validated genes regulated by 
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at least one miR each. MiR, genes and pathways are represented by nodes  such as orange 
diamond – miRs, green square – pathways, blue oval – genes, brown oval – validated genes 
regulated by at least one miR each; Edges (green arrows) represent the relationship between 
gene and pathway, Edges (orange arrows) represent the relationship between miR and gene 
predicted by at least two tools, Edges (red arrows) represent the relationship between miR 
and gene predicted by one tool and validated gene, Edges (blue arrows) represent the 
relationship between miR and gene evidenced by literature. 

Table 1: Multiple regression analysis of maternal B12  with BMI 

Maternal Variable* (SDS) 
BMI* 

Model 1 
β 95% CI p 

B12 -0.264 (-0.469, -0.058) 0.013 
miR-27b -0.250 (-0.488, -0.011) 0.041 
miR-23a -0.271 (-0.508, -0.034) 0.026 
miR-103a -0.226 (-0.452, -0.001) 0.049 
miR-107 -0.228 (-0.446, -0.009) 0.041 

B12 
Model 2 

-0.219 (-0.523, -0.084) 0.153 

B12 
Model 3 

-0.225 (-0.500, 0.049) 0.106 

B12 
Model 4 

-0.217 (-0.519, -0.084) 0.154 

B12 
Model 5 

-0.211 (-0.523, 0.101) 0.181 

*Maternal variables (n=91) and circulating miRs (n=72, measured in a subset of pregnant women) were log 
transformed for statistical comparisons. β represents SDS change in the dependent variable per SDS change in 
the independent variable. Model 1: Maternal age, parity, folate supplement use, smoking, insulin and glucose; 
Model 2: Model 1 + miR-27b; Model 3: Model 1 + miR-23a; Model 4: Model 1 + miR-103a; Model 5: Model 1 
+ miR-107. 
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