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Abstract

Background Adipose tissue (AT) responds to excess calorie intake; however, the deficit in micronutrients accompa-
nied by the modern lifestyle is often overlooked. Micronutrient deficiency in pregnancy, particularly vitamin B12 (B12),
is commonly associated with higher adiposity, dyslipidemia, and type 2 diabetes (T2D). Studies have demonstrated
that dyslipidemia can trigger pro-inflammatory status. However, the release of the pro-inflammatory factors in a tis-
sue-specific micronutrient deficient environment is unexplored. Therefore, we investigated the role of B12 deficiency
on lipid metabolism and inflammatory mediators in both in vitro and ex vivo models including human pre-adipo-
cytes, primary adipocytes, mature human white AT (WAT), and its association with metabolic risk.

Methods Paired abdominal subcutaneous and omental WAT (SCWAT and OmWAT) were chosen based on serum

B12 (<150 pM) from 115 Caucasian pregnant women. Human primary Sc adipocytes from women with different BMI
(lean, overweight, obese, morbidly obese) and pre-adipocyte cell line (Chub-S7) were differentiated in various con-
centrations of B12. Serum B12, folate, lipids, cytokines, biochemical parameters, gene expression, intracellular triglycer-
ide (TG), and mitochondrial function were assessed.

Results In pregnant women with low B12 levels, BMI and serum TG were significantly higher, and high-density
lipoprotein (HDL) was lower (p <0.05). B12 deficiency in both depots of AT correlated with higher expression of genes
in fatty acid (FA) synthesis, elongation, desaturation, TG synthesis, and reduced fatty acid oxidation (FAO) (p <0.05).

In vitro adipocytes with low B12 demonstrated that TG synthesis utilizing radiolabeled FA was higher and mitochon-
drial function was impaired. We also found that the expression of pro-inflammatory cytokines in AT was increased,
and circulatory cytokines inversely associated with serum B12 (p <0.05).

Conclusions Our novel data highlights that B12 deficiency dysregulates lipids and induces inflammation in AT and
circulation, which could contribute to adipocyte dysfunction exacerbating cardiometabolic risk during pregnancy.
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Background

The global prevalence of overweight and obesity in preg-
nancy is over 60% [1] and maternal obesity is a well-
known risk factor for adverse pregnancy outcomes and
cardiometabolic risk both in mother and offspring. World
Health Organization (WHO) reports that obesity is a
double burden of malnutrition resulting from excessive
food intake combined with low levels of micronutrients
[2—-4]. Unfavorable dietary habits including ultra-pro-
cessed foods, lower consumption of wholegrain cereals,
and plant-based diet impact the nutritional status. In the
UK, adults are consuming 200—300 extra calories a day
and children up to 500 cal extra [2]. Data reports that
only 31% of adults consume at least 5 portions of fruit
and vegetables a day, and lower proportions are seen in
Asian and black adults (19.2% and 21.0%, respectively),
and those living in the most deprived areas (20.3%) [4].
While the multifaceted nature of obesity emerges from a
complex interaction of genetic factors and environmental
influences, it encompasses poor dietary practices. Macro-
nutrients constitute the major food intake, while the level
of micronutrients present in this excess calorie intake is
notably deficient; moreover, these micronutrients are
essential factors in numerous biochemical reactions for
the metabolism of macronutrients. This disproportional
macronutrient intake results in the conversion of glu-
cose into lipids, such as triglyceride (TG), for storage in
the adipose tissue (AT), leading to adipose expansion.
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Micronutrient malnutrition is a challenge, particularly
among women of reproductive age, children, and adoles-
cents, where it contributes to poor metabolic health and
to the inter-generational cycle of malnutrition [5, 6].
Studies have evidenced that the micronutrient vita-
min B12 (B12) is highly deficient in women at child-
bearing age and during the course of pregnancy [7, 8].
B12 deficiency in pregnant women is associated with
obesity, gestational diabetes (GDM), and cardiovascular
risk [9]. Furthermore, the independent association of
TG levels with B12 was shown in pregnant women [9,
10] and patients with type 2 diabetes (T2D) [11]. B12
is the key co-factor for the conversion of homocysteine
to methionine, which is the precursor for the synthesis
of S-adenosyl methionine (SAM), the methyl donor for
methylation reactions. Our prior research studies on
adipocytes with low levels of B12 demonstrated hypo-
methylation of transcription factors (SREBF and LDLR)
regulating cholesterol metabolism and alterations of
miRNAs (miR- 27, miR- 23, miR- 103, miR- 107) tar-
geting adipogenesis and insulin resistance [12, 13]. In
hepatocytes with low B12, we showed dysregulation
of genes involved in fatty acid synthesis and oxidation
[14, 15]. These studies suggest a pivotal role of B12 in
cellular processes such as methylation and other epi-
genetic regulators of lipid metabolism that may lead
to AT dysfunction and development of metabolic dis-
eases. In addition, studies in T2D have reported that
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deficiency of B12 through the homocysteine pathway
might contribute to increased oxidative stress and
chronic inflammation [16]. Several other studies have
shown association of B12 deficiency with exacerbated
inflammation in the brain, vasculature, immune sys-
tem, liver, and gastrointestinal tract [17-21]. Although
obesity and pregnancy independently contribute to
a state of low-grade inflammation, the coexistence of
obesity during the gestational period seems to exert a
synergistic effect, resulting in an elevated level of insu-
lin resistance and a more pronounced inflammatory
response, thus increasing the risks of maternal—fetal
complications. Moreover, dyslipidemia might trig-
ger an increase in the production of pro-inflammatory
cytokines developing into metabolic diseases [22, 23].
Therefore, this study explored the adiposity-related sys-
temic inflammation during pregnancy in the context of
B12 deficiency.

We hypothesized that B12 deficiency may affect lipid
metabolism as well as mediators of inflammation lead-
ing to AT dysfunction. Our aim for this study was to
(a) investigate the role of B12 in the regulation of lipid
metabolism and inflammation in the human adipocyte
cell line (Chub-S7) and human primary pre-adipocytes
derived from subcutaneous AT (ScWAT) with different
degrees of obesity, (b) validate these findings in depot-
specific AT (omental-OmWAT, subcutaneous-ScWAT)
from pregnant women with sufficient/deficient levels of
B12, and (c) evaluate mitochondrial function and associa-
tion of B12 with circulatory cytokines and cardiometa-
bolic risk factors.

Methods

Human AT study

Study subjects

A total of 115 Caucasian pregnant women undergo-
ing elective cesarean section at the University Hospital
Coventry and Warwickshire (UHCW) were enrolled for
this study. Only non-smoking, non-diabetic, premeno-
pausal women within the ages of 25-38 years and body
mass index (BMI) 21.7—41.0 kg/m? were recruited. Ethi-
cal approval was sought from the Ethics Committee of
UHCW (ID: SK06/9309). All the participants provided
written and informed consent in accordance with the
Declaration of Helsinki. Anthropometrics including
height and weight were recorded for each subject, and
venous blood samples were drawn to obtain serum before
the cesarean section. Detailed medical drug histories
were taken and those participants with cancer, thyroid
disorders, or taking steroids or medication or supple-
ments considered to alter inflammatory status including
thiazolidinediones were excluded.
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AT collection

Paired abdominal SCWAT and OmWAT were collected
from the consented participants undergoing elective
cesarean section. Lean was considered pre-pregnant BMI
of less than 25.0 kg/m* and obese was considered pre-
pregnant BMI over 30.0 kg/m?.

Serum cytokine detection with ELISA technique

MCP-1 and IL-8 serum levels were measured by immu-
nosorbent assay (ELISA, R&D Systems, USA) according
to the manufacturer’s instructions. The assay and the
values given by the manufacturer for intra-assay CV (3.9
+0.46%) and inter-assay CV (5.6 +0.35%) have been vali-
dated in our laboratory.

Analytical determinations

Serum B12 and folate were determined by electro-
chemiluminescent immunoassay using a Roche Cobas
immunoassay analyzer (Roche Diagnostics, UK). We
have used 150-660 pM for serum B12 and 6-37 nM for
serum folate as normal range [9]. The inter-assay coeffi-
cient of variations for B12 and folate were 3.9% and 3.7%,
respectively. B12 deficiency was defined as levels below
150 pM. Serum glucose, cholesterol, triglycerides, and
HDL cholesterol were determined using an auto ana-
lyzer Synchron CX7 (Beckman Coulter, CA) based on
enzymatic colorimetric assays. Lipid profiles and fast-
ing plasma glucose were determined using routine labo-
ratory methods at the UHCW NHS Trust. In brief, the
routine blood tests included glucose measured by a glu-
cose oxidase method (YSL 200 STAT plus, Yellow Springs
Instruments, Yellow Springs, OH, USA) and a standard
lipidemic/cholesterol profile (triacylglycerols, HDL cho-
lesterol, and cholesterol). The Friedewald formula was
used to compute serum levels of LDL cholesterol [12, 24].

Cell culture

Human preadipocyte Chub-S7 cell line

The Chub-S7 cell line (Nestlé Research Centre, Swit-
zerland) was originally acquired from a pre-adipocyte
derived from abdominal ScAT of a 54 kg/m? body mass
index (BMI) female, by co-expression of human telomer-
ase reverse transcriptase (WTERT) and papillomavirus E7
oncoprotein (HPV-E7) genes [25]. This cell line is largely
used for studies involving adipocyte metabolic function
as well as glucose metabolism and uptake, as previously
described [26]. The cells uniquely retain the ability to
undergo adipogenesis [27]. Proliferating Chub-S7 cells
were cultured in growth media (DMEM/Ham’s F- 12
phenol red-free medium 500 ml, 10% fetal bovine serum
(FBS), and 1% glutamine) in a T- 75 flask until 90% con-
fluence. At this stage, the cells were seeded onto 6-well
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plates at a density of 30,000 cells per well and grown
to confluence (day 0), differentiated in differentiation
media (DMEM/Ham’s F- 12 phenol free medium 500
ml, 3% FBS, and Promocell preadipocyte differentiation
medium supplement (Promocell cat#C39436) mix: 0.5
pg/ml human insulin, 400 ng/ml dexamethasone, 8 pg/ml
d-biotin, 44 pg/ml IBMX, 9 ng/ml L-thyroxine, 3 pg/ml
ciglitazone) for 7 days and maintained in nutrition media
(Promocell cat#C39439) for the next 7 days (day 14).
To analyze B12 deficiency effects, customized DMEM/
Ham’s F- 12 media (In-house media preparation facility,
Life sciences, University of Warwick) with different B12
concentrations (500 nM, 1 nM, 100 pM, 25 pM) were
used. On day 14, the cells were harvested using 500 pl of
Qiazol (Qiagen cat#79306) for RNA analysis and stored
at — 80 °C until required.

Human primary preadipocytes

Stromal vascular cell isolation was performed on ScAT
collected from non-smoking, non-diabetic, premenopau-
sal, Caucasian women with different BMI (subjects with
lean, overweight, obesity, and morbid obesity) undergo-
ing elective cesarean section. The white adipose tissue
(WAT) biopsy was digested in collagenase at 37 °C in a
shaking water bath. The resulting cell suspension was
then centrifuged at 2000 rpm for 5 min. The obtained
stromal vascular fraction was re-suspended in primary
adipocyte growth media (DMEM/Ham’s F- 12 phenol-
free medium 500 ml (Invitrogen-cat#11,039,047), 10%
fetal bovine serum, 1% glutamine, fibroblast growth fac-
tor-basic 5 ng/ml (cat#VXPHGO0026), and transferrin 5
ug/ml (cat#VX0030124SA)) and transferred to a 75-cm?
tissue culture flask. The flask was maintained in a 37 °C,
5% CO, humidified incubator and the growth media was
changed every 2 days until 90% confluence was reached.
At this stage, the cells were seeded into 6-well plates at a
density of 30,000 cells per well and grown to confluence
(day 0), differentiated in differentiation media for 7 days
and maintained in nutrition media for an additional 7
days (day 14). To analyze B12 deficiency effects, the pri-
mary adipocytes (n= 3 per BMI group with 6 replicates
from each group) derived from subcutaneous depots
were seeded and differentiated in customized media with
concentrations of B12 as control (500 nM) and low B12
(25 pM). On day 14, the cells were harvested using 500
ul of Qiazol for RNA analysis and stored at —80 °C until
required.

RNA isolation, cDNA synthesis and gene expression assay

RNA extraction from primary adipocytes and Chub-
S7 was carried out using Qiazol, and from AT samples
using an RNeasy lipid tissue kit (Qiagen, UK) accord-
ing to the manufacturer’s instructions followed by a
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DNase digestion step, as previously described [14, 24].
RNA quantification, quality, and integrity (260/230 and
260/280 ratios and concentrations) were carried out
using a NanoDrop spectrophotometer (Labtech, UK) and
300 ng was used for cDNA synthesis as described previ-
ously [14]. The gene expression assays were performed
using qRT-PCR and the housekeeping genes, 18s rRNA
was used for Chub-S7 cell line (cat no 4319413E; Applied
Biosystems, Thermo Fisher Scientific, UK) and L19 for
AT  (forward primer—GGAAAAAGAAGGTCTGGT
TGGA, reverse primer—TGATCTGCTGACGGGAGT
TG; Merck Life Science UK Ltd, Dorset, UK) were used
to normalize and determine relative gene expression.

Radiochemical flux assessment of TG synthesized

via utilization of radiolabeled fatty acid (**C-oleate)

by Chub-S7 and primary adipocytes

The amount of TG synthesized by cells over a period of
time was quantified by initially exposing cells to radiola-
beled fatty acid (**C-oleate) in the presence of fatty acid
co-transporter (L-carnitine) as previously described [14,
28]. The radiolabeled TG synthesized was extracted on
a thin layer chromatography plate with the inclusion of
glyceryltripalmitate as the standard. This was quantified
with a scintillation counter (Beckman Coulter LS6500,
USA) and normalized to protein content obtained via
Bradford assay [29].

Mitochondrial function assessment using seahorse
extracellular flux assay

Cell culture for seahorse assay

Oxygen consumption rates (OCR) was measured using
a Seahorse XF24 Extracellular Flux Analyzer (Seahorse
Bioscience, Santa Clara, CA, USA). Chub-S7 and pri-
mary adipocytes were trypsinized and seeded in 24-well
(XF- 24) seahorse plates at a density of 10,000 cells/well
under different B12 concentrations of EMEM media sup-
plemented with 10% FBS, 1% L-glutamine, and 1% strep-
tomycin/penicillin and incubated at 37 °C with 5% CO,
saturation. The respective B12 media were changed every
48 h until reaching 90-100% confluence.

On the day of the Seahorse XF experiment, Chub-S7
and primary adipocytes were washed in Krebs—Hense-
leit Buffer (KHB) by removing the media from the sea-
horse culture plates followed by addition of 1 ml of KHB.
Then, the KHB was removed, followed by a final addi-
tion of another 675 ul of KHB to each well of the plate.
The plates were then incubated at 37 °C for 1 h without
CO, saturation. To run the seahorse assay, the cartridge
and the seahorse XF24 plate were loaded into the sea-
horse analyzer for measurement of OCRs as previously
described [14, 28]. The 10 X concentration (stock) of the
inhibitors were optimized and prepared in KHB buffer to
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obtain final concentrations (1 X) of oligomycin (0.4 uM),
carbonyl cyanide-p-tri-fluoro-methoxy-phenylhydrazone
(FCCP—0.75 uM), and rotenone/antimycin (0.4 uM)
after injection into seahorse XF24 plates. The inhibitors
were loaded into the allocated ports of the seahorse car-
tridge which was initially hydrated in 1 ml calibrant for
24 h at 37 °C without CO, saturation.

Maximal respiratory capacity

Briefly, the basal oxygen consumption rate (OCR) meas-
urement was performed in Chub-S7 and primary adi-
pocytes in a rich substrate media (glucose—2.5 mM,
pyruvate—1 mM, L-glutamine—2 mM, BSA—0.1%) by
addition of the inhibitors oligomycin and FCCP followed
by antimycin/rotenone using Seahorse 24XF flux ana-
lyzer [24, 28].

Respiratory capacity in a limited substrate (high palmitate)
supply

To examine how the low B12 adipocytes function with
the endogenous supply of high extracellular levels of
palmitate and other limited substrate, we incubated
Chub-S7 and primary adipocytes in a limited-substrate
KHB medium (L-carnitine—0.5 mM and glucose—1.25
mM), which is poorly enriched with other supplements
compared with the rich-substrate KHB medium for 1 h.
Firstly, the basal OCR was measured, then the cells were
either exposed to 200 pM palmitate (dissolved in 33.3 uM
BSA) or 33.3 uM BSA only (basal control) in the limited
substrate medium was measured to assess how adipo-
cytes efficiently uptake palmitate for ATP metabolism.

Statistical analysis

The data was expressed as mean + standard error of mean
(SEM). All statistical analyses were performed using SPSS
24.0 (Statistical Package for the Social Sciences, Chicago,
USA) or Prism 8 (GraphPad, San Diego, USA). Kolmogo-
rov—Smirnov’s and Shapiro—Wilk test were used to deter-
mine the parametric distribution of data. Data obtained
from the scintillation count of the radioactive flux assay
were normalized with the total protein concentration
(mg) in each sample (1) of Chub-S7 and adipocytes.
The Mann—Whitney U test was used for comparing two
groups of non-normally distributed data, while the two-
tailed Student’s t-test was applied for comparison of
normally distributed data. Correlations were assessed
using Spearman’s method for non-normally distributed
parameters. p value of <0.05 was considered statistically
significant.
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Results

Clinical and biochemical characteristics of participants
Among the participants (n= 115) recruited in the study,
more than half (z= 63) had sufficient levels of B12 (> 150
pM), whereas the remaining participants (n= 52) had
deficient levels of B12 (< 150 pM). The clinical charac-
teristics and biochemical data are presented in Table 1.
Assessment of anthropometric data showed that BMI
was significantly higher in women with deficient B12 lev-
els than women with sufficient B12 levels (B12 deficient
group vs B12 sufficient group: 28.5 vs 26.5 kg/m?). In
addition, in the B12 deficient group, biochemical param-
eters such as folate (22.4 vs 14.9 nM) and HDL choles-
terol (1.4 vs 1.7 mM) levels were significantly lower,
whereas TG (3.5 vs 2.9 mM) was higher. However, other
biochemical parameters (glucose, total cholesterol, LDL)
were not statistically significant between the groups.

Low B12 increases lipogenesis in human Chub-S7

and primary Sc adipocytes

The study investigated the effect of low B12 on de novo
lipogenesis in Chub-S7 cells and primary Sc adipocytes
cultured in different concentrations of B12. We observed
that the expression of FA synthesis (ACACA, FASN,
ELOVL6) and TG synthesis (SCD, GPAT2, LIPINI,
DGAT?2) genes were significantly higher in low B12
Chub-S7 adipocytes compared to control (Fig. 1A, i—vii,
p< 0.05). In addition, we observed an upregulation of
10-30-fold for SCD, LIPIN1, and DGAT2 genes in low
B12 primary Sc adipocytes derived from subjects with
overweight and an increase of 20-fold for DGAT?2 from
subjects with morbid obesity (Fig. 1C, i-vi, p < 0.05). Fol-
lowing the observation of upregulation of key genes in
lipogenesis, we further assessed how this would affect

Table 1 Clinical and biochemical characteristics according to
vitamin B12 levels

Variables B12 sufficient B12 deficient p value
group (> 150 pM) group (< 150 pM)
n=63 n=52
Age (years) 32.1+£57 31.5+6.5 0.296
Weight (kg) 732+146 756+194 0.708
BMI (kg/mz) 265+39 285 +6.37 0.041
Glucose (mM) 368+0.6 3.71+06 0.787
Cholesterol (mM) 66+14 6.7+15 0.947
HDL (mM) 1.7+04 14+0.2 0.0002
LDL (mM) 43+£12 48+16 0.722
Triglycerides (mM) 29+09 35+1.0 0.0094
Folate (nM) 2244122 149+97 0.0009

The data is expressed as mean +SD. p values were obtained using the Mann-
Whitney U test; p-value < 0.05 was considered significant

Abbreviations: SD standard deviation, BMI body mass index, HDL high-density
lipoprotein, LDL low-density lipoprotein
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Fig. 1 Effect of low B12 on lipogenesis in human Chub-S7 cell line and primary Sc adipocytes: [A] and [C] Expression of genes involved in FA
synthesis (ACACA, FAS), elongation (ELOVL6), desaturation (SCD) and TG synthesis (GPAT2, LIPINT, DGAT2) in human (i-vii) Chub-S7 cell line (n=6)
and (i-vi) primary Sc adipocytes (n=3 per BMI group - subjects with lean, overweight, obesity, morbid obesity), respectively. The Chub-57 cells were
seeded and differentiated with different concentrations of B12 (500nM, 1TnM, 100pM, 25pM), and gene expression were measured by RT-qPCR

and normalized to 18s rRNA. The primary adipocytes were derived from subcutaneous depots, which were seeded and differentiated with two
different concentrations of B12 (500nM, 25pM). The gene expressions normalized to L19 were measured by RT-qPCR. Levels of synthesized TG
assessed by radiochemical flux assay in [B] Chub-S7 adipocytes, [D] Primary Sc adipocytes derived from subjects with (i) Lean BMI and (ii) Obesity.
The cells were first labelled with “C-Oleate for 2 h, then followed by total lipids extraction and the resultant radiolabelled TG was separated

on a thin layer chromatography (TLC) plate with glyceryltripalmitate as standard, quantified with the scintillation counter (Beckman coulter LS6500,
USA) and normalized per milligram protein estimated with Bradford method. Dots depict individual study subjects and data represented as mean +
SEM (standard error of mean) and significance levels indicated as follows; *p<0.05, **p<0.01 compared to control B12 (500nM)

the utilization of radiolabeled FAs by adipocytes for TG
biosynthesis. We performed the radiochemical analysis
by exposing the cells to radiolabeled FA (**C-oleate) and
assessed the amount of radiolabeled TG synthesized. We
demonstrated that the levels of radiolabeled TGs synthe-
sized in Chub-S7 cells was increased 2.7-3.6-fold in low
B12 (Fig. 1B, p< 0.05). Primary Sc adipocytes derived
from subjects with lean BMI had significantly 1.5-fold
higher TG synthesis whereas subjects with obesity had
2.5-fold (Fig. 1D, i—ii, p < 0.05) higher in the low B12 con-
dition. These findings indicate that not only were adipo-
cytes from obese phenotype were more prone to lipid
accumulation, but adipocytes from lean individuals also
displayed increased lipid content, when they were sub-
jected to B12 deficiency.

B12 deficiency upregulates lipogenesis in mature human
WAT

To validate the evidence of low B12 effect on lipogen-
esis in the Chub-S7 cells and primary Sc adipocytes,

gene expression was further investigated in SCWAT and
OmWAT derived from pregnant women with sufficient
and deficient levels of B12. Our findings revealed that B12
deficient women had significant increase in expression
of genes involved in the de novo FA synthesis (ACACA,
FASN), elongation (ELOVL6, SCD), and TG biosynthesis
pathways (GPAT?2, LIPIN1) in both OmWAT and ScWAT
compared to subjects with adequate B12 levels. Although
there was a significant upregulation of DGAT2 gene
expression in OmWAT of B12 deficient women, no differ-
ence was observed in the SCWAT (Fig. 24, i—vii, p < 0.05).

Serum B12 correlates with Sc and Om lipogenesis

To assess the association of lipogenesis in mature human
AT with serum levels of B12 and the association with
serum biochemical metabolites, we performed a corre-
lation analysis. In SCWAT, the data showed a significant
negative correlation between serum B12 and the expres-
sion of FA genes including ACACA and FASN (Fig. 2B, i—
ii, p< 0.05). In OmWAT, there was a significant negative
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Fig. 2 Effect of B12 deficiency on lipogenesis in mature human AT (SCWAT and OmWAT) and its correlation with serum B12. [A] Expression
of genes involved in FA synthesis (i-vii) (ACACA, FAS), elongation (ELOVL6), desaturation (SCD) and TG synthesis (GPAT2, LIPINT and DGAT2) in SCWAT
and OmWAT. Total - 115 pregnant women, subjects with sufficient levels of B12 (>150pM) = 63 (green) and Deficient levels of B12 (150pM) = 52

(red)). The gene expression involved in FA and TG biosynthesis was assessed

using RT-gPCR and normalized to L19. The data are reported as box

charts median (IQR) and significance levels are indicated as *p<0.05, **p<0.01 compared to sufficient B12 (>150pM). [B] (i-ii) Correlation between Sc

with serum B12. Dots depict individual study subjects and data are presented as Spearman’s R-values: ACACA: Acetyl-CoA Carboxylase Alpha,
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Acyltransferase 2, Mitochondrial, LIPINT Phosphatidate Phosphatase, and DGAT2: Diacylglycerol O-Acyltransferase 2

correlation between B12 and gene expression of ACACA,
FASN, SCD, GPAT?2, LIPIN1, and DGAT2 (Fig. 2B, iii—
viii, p < 0.05).

There was a significant positive correlation between
gene expression of SCACACA and serum total choles-
terol (r=0.201, p= 0.036), LDL cholesterol (r= 0.221, p=
0.031), and TGs (r=0.211, p= 0.031). Furthermore, a sig-
nificant positive correlation was observed between ScG-
PAT?2 and glucose (r=0.222, p= 0.019) (Additional file 1:
Table 1). Likewise, there was a significant negative cor-
relation between OmACACA and serum levels of HDL
(r= —0.209, p= 0.040). Moreover, a significant positive
correlation between OmFASN and serum TG (r= 0.220,
p= 0.025) was observed, whereas OmELOVL6 signifi-
cantly correlated positively with serum total cholesterol
(r=0.247, p=0.009), LDL (r= 0.298, p= 0.002), and TGs
(r=0.210, p= 0.027). Additionally, OmSCD positively
correlated with serum TG (r= 0.220, p= 0.022), whereas
OmLIPIN1 negatively correlated with HDL (r= —0.217,
p=0.036), and OmDGAT?2 positively correlated with TG

(r= 0.194, p= 0.044) (Additional file 1: Table 2). These
data suggest that there was strong negative correlation
between B12, lipid synthesis genes, and lipid profile in
OmWAT than ScWAT.

Low B12 impairs FA B-oxidation and mitochondrial
function in human Chub-S7 and primary Sc adipocytes
Along with increased lipogenesis, we further wanted
to examine the expression of genes required for mito-
chondrial FA transport and B-oxidation of FAs in low
B12 condition. In the Chub-S7 cells and primary Sc adi-
pocytes from all metabolic phenotypes including lean,
overweight, obese, and morbid obese, we found a signifi-
cant reduction in the expression of FAO genes including
MCD, CPT1, ACADL, CPT2, ECHS1, and ACAA2 in
low B12 (Fig. 3A, i-vi; B, i-vi, p< 0.05). Then, we ana-
lyzed the mitochondria functional integrity in both the
in vitro/ex vivo models, where we observed an overall
decrease of oxygen consumption rate (OCR) in low B12
(Fig. 3C, i; D, i, p< 0.05). We further analyzed the spare
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Fig. 3 Effect of low B12 on FA 3-oxidation and mitochondrial function in Chub-S7 cell line and primary Sc-adipocytes. [A] and [B] Expression

of genes (MCD, CPT1, ACADL, CPT2, ECHS1, ACAA2) involved in FA B-oxidation in (i-vi) Chub-S7 cell line (n=6) and (i-vi) primary Sc-adipocytes
(n=3 per BMI group - subjects with lean, overweight, obesity, morbid obesity), respectively. The Chub-S7 cells were seeded and differentiated
with different concentrations of B12 (500nM, 1nM, 100pM, 25pM), and gene expression were measured by RT-gPCR and normalized to 18s rRNA.
The primary adipocytes were derived from subcutaneous depots, which were seeded and differentiated with two different concentrations of B12
(500nM, 25pM). The gene expressions normalized to L19 were measured by RT-gPCR. The graphs in [C] Chub-S7 and [D] primary Sc-adipocytes,
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SEM and significance levels indicated as *p<0.05, **p<0.01, ***p<0.001, compared to control B12 (500nM)

respiratory capacity (SRC), a measure of the ability of the
cells to respond to increased energy demand in a lim-
ited substrate supply. The SRC was significantly reduced
in low B12 Chub-S7 cells, when supplied either with a
substrate-rich medium with high glucose (Fig. 3C, ii) or
a substrate-limited medium, low glucose supplemented
with palmitate (Fig. 3C, iii). This implies that in low B12,
FA (palmitate) utilization for energy metabolism by the
mitochondria is significantly reduced. Similar results
were also observed in the primary Sc adipocytes in which
low B12 cells had a significantly decreased SRC, when
supplemented with a substrate-rich medium (Fig. 3D, ii)
as well as a substrate-limited medium with high palmi-
tate (Fig. 3D, iii) (p < 0.05).

B12 deficiency impairs FA -oxidation in mature human
ATs and its association with serum B12

Similar to lipogenesis, we further validated the expression
of genes involved in FAO in AT. The relative expression

of FAO genes (MCD, CPT1p, CPT2, ACADL, ECHSI,
ACAA?2) was significantly decreased in both OmWAT
and ScWAT of B12 deficient women compared with
subjects with sufficient levels of B12 (Fig. 4A, i-vi, p<
0.05). Correlation analysis was performed to understand
the relationship between B12, biochemical metabolites,
and FAO gene expression in AT. In the SCWAT, a posi-
tive correlation was observed between serum B12 levels
and FAO genes (MCD, CPT1p, ECHS1, CPT2, ACADL,
ACAA2, Fig. 4B, i—vi). In the OmWAT, there was a posi-
tive association between serum B12 and FAO (MCD,
CPT1p, CPT2, ACAA2, Fig. 4B, vii—x, p< 0.05).

Serum metabolites in the SCWAT showed a positive
correlation between HDL and ScCPT2 (r= 0.231, p=
0.015) and SCECHS]1 (r=0.192, p= 0.044), whereas in the
omWAT, there was a negative correlation between glu-
cose and ScCPT2 (r= 0.202, p= 0.05), TG and ScCPT2
(r= 0217, p= 0.04), and TG and ScACAA2 (r= 0.215,
p= 0.044) (Additional file 1: Tables 3 and 4). These find-
ings affirm that FAO genes in AT associated with adverse
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Fig. 4 Effect of B12 deficiency on FA 3-oxidation in mature human AT (omWAT and scWAT), and its association with serum B12: [A] Expression

of genes (i-vi) (MCD, CPT1, CPT2, ACADL, ECHS1, ACAA2) involved in FA B-oxidation in omWAT and scWAT. Total - 115 pregnant women, subjects
with sufficient levels of B12 (>150pM) = 63 (green) and Deficient levels of B12 (<150pM) = 52 (red)). Data presented as box charts median (IQR).
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circulating lipids, which was further exacerbated in low
B12 status.

Low B12 induces inflammatory cytokines in human
Chub-S7 and primary Sc adipocytes

To further explore whether inflammation is a possi-
ble mechanism mediating the impact of B12, we next
examined the pro-inflammatory cytokines. Chub-S7
cells cultured in low B12 showed significantly increased
pro-inflammatory cytokine gene expression such as
IL- 1B, IL- 6, IL- 8, IL- 18, MCP- 1, TGF-f, and TNF-«a
compared to control (Fig. 5A, i—vii, p < 0.05). Our find-
ings also revealed that adipocytes from all the cat-
egories of metabolic phenotype showed a significant
upregulation in B12 deficient culture. Interestingly, we
observed that Sc adipocytes derived from overweight
subjects showed an increase of 15-fold for IL- 8 and
20-fold for MCP- 1, and adipocytes from subjects with
morbid obesity showed an increase of 30-fold for IL-
8 and eightfold for IL- 18 gene expression in low B12
(Fig. 5B, i—vii, p < 0.05). Furthermore, both SCWAT and

OmWAT revealed a significant increase in the expres-
sion of inflammatory cytokine genes in B12 deficient
subjects compared with subjects with adequate levels
of B12 (Fig. 6A, i—vii). Since MCP1 and IL- 8 showed
several folds of upregulation in isolated Sc adipocytes
and both depots of WATSs, we investigated the serum
levels of MCP1 and IL- 8 pro-inflammatory cytokines
in low B12 women. We found a significantly increased
levels of MCP1 and IL- 8 in the serum of B12 deficient
women compared to those with sufficient levels of B12
(Fig. 6B, i—ii, p< 0.05). These results indicate that B12
deficiency affects the levels of the cytokines in AT and
circulation, thus inducing pro-inflammatory factors
which could contribute to adipose dysfunction.

Association between inflammatory cytokines in ATs,
circulating B12 and biochemical metabolites

In the ScWAT, correlation analysis showed a signifi-
cant negative association between serum B12 and gene
expression of IL- 1p, IL- 6, IL- 18, MCP- 1, and TNF-«a
(p< 0.05), but not with IL- 8 and TNEF (Fig. 6C, i-v). In
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Fig. 5 Effect of low B12 on inflammatory cytokines in Chub-S7 cell line and primary Sc-adipocytes [A] and [B] Expression of genes involved

in inflammation (IL-13, IL-6, IL-8, IL-18, MCP-1, TGF-f and TNF-a) in (i-vii) Chub-S7 cell line (n=6) and (i-vii) primary Sc-adipocytes (n=3 per BMI
group - subjects with lean, overweight, obesity, morbid obesity), respectively. The Chub-S7 cells were seeded and differentiated with different
concentrations of B12 (500nM, 1nM, 100pM, 25pM), and gene expression were measured by RT-gPCR and normalized to 18s rRNA. The primary
adipocytes were derived from subcutaneous depots, which were seeded and differentiated with two different concentrations of B12 (500nM,
25pM). The gene expression normalized to L19 were measured by RT-gPCR. Dots depict individual study subjects and data expressed as mean +
SEM and significance levels indicated as follows; *p<0.05, **p<0.01, **p<0.001 compared to control B12 (500nM)

OmWAT, a significant negative association was shown
between serum B12 and gene expression of IL- 1f3, IL- 18,
and MCP- 1 (Fig. 6C, vi—viii, p< 0.05). Serum levels of
MCP- 1 and IL- 8 significantly correlated negatively with
serum B12 (Fig. 6C, ix—x, p< 0.05).

Next with serum metabolites, we observed a signifi-
cant positive correlation of ScIL- 1B with LDL, MCP- 1,
and IL- 8. A positive correlation of ScIL- 8 with glucose
and triglycerides but negatively with HDL was observed.
However, SCMCP- 1 negatively correlated with serum
HDL (Additional file 1: Table 5). In addition, OmIL-
6 positively correlated with LDL and negatively with
serum IL- 8, whereas OmIL- 8 negatively correlated
with glucose and HDL. Similarly, OmIL- 18 negatively
correlated with HDL but positively with TG and serum
IL- 8. In addition, OmTGEF-f negatively correlated with
cholesterol and LDL whereas OmTNFa positively corre-
lated with glucose and HDL (Additional file 1: Table 6).
Taken together, these findings therefore confirmed that
any differences that we identified in inflammatory gene

expression in AT were related to any changes in circu-
lating lipids thereby suggesting an early inflammatory
AT phenotype may be a mechanism that underlies the
development of metabolic disorders as a consequence of
low B12 levels in maternal obesity.

Discussion

The study provides the comprehensive evaluation of
in vitro and ex vivo models along with sc/omWAT in
the context of inflammation in response to obesity and
micronutrient deficiency. We demonstrated that preg-
nant women with B12 deficiency were obese and had
dyslipidemia with altered inflammatory cytokines. This
was accompanied by adverse transcriptional changes in
OmWAT and ScWAT including increased FA synthe-
sis and inflammation. In addition, in vitro AT analysis
revealed impaired FAO and mitochondrial function not
only in obese adipocytes but also pronounced changes
in lean adipocytes when subjected to low B12. These dif-
ferences are indicative of increased lipid synthesis and
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Fig. 6 Effect of low B12 on inflammatory cytokines in mature human AT, and its association with circulating B12 and biochemical metabolites

[A] Expression of genes involved in inflammation (i-vii) IL-1B, IL-6, IL-8, IL-18,

MCP-1, TGF-3 and TNF-a in OmWAT and ScWAT. Total - 115 pregnant

women, subjects with sufficient levels of B12 (>150pM) = 63 (green) and Deficient levels of B12 (<150pM) = 52 (red)). The data are not normally

distributed and reported as box charts median (IQR). Significance levels are

indicated as follows *p<0.05, **p<0.01, ***p<0.001 compared

to Sufficient B12 (>150pM). [B] Circulating levels of (i) MCP1 and (i) IL-8 levels in serum. The dots depict individual study subjects, the line represents
the mean, and the whiskers depict the SEM. [C] (i-v) Correlation between gene expression of Sc inflammatory markers IL-143, IL-6, IL.-18, MCP-1,
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enhanced inflammation in individuals with B12 defi-
ciency which may contribute to adipose dysfunction
often observed in obesity.

Increased obesity is a common comorbidity of meta-
bolic syndrome associated with T2D and cardiometabolic
risk. Clinical correlations revealed that B12 was associ-
ated with FA synthesis genes in both depots of WAT and
the lipid profile, but more distinct in OmWAT. This high-
lights that AT is prone to increased fat storage not only
when there are excess glucose or lipids, but when the
environment is deficient in micronutrients such as B12.
Accordingly, we studied the gene expression in obese
and lean human primary adipocytes in vitro exposed to
low B12. In assessing lipogenesis, we found there was
significant upregulation of genes involving FA and TG
synthesis in low B12 not only in adipocytes from obese
phenotype but also in adipocytes from lean subjects.
Our previous studies have reported similar evidence in
hepatocytes with low B12 demonstrating upregulation
of FA and TG synthesis [14], and increased adiposity via

hypomethylation and upregulation of the master regu-
lators of lipogenesis (SREBF1) and cholesterologenesis
(LDLR) in adipocytes [13]. A recent study in Caenorhab-
ditis elegans revealed that early-life B12 deficiency caused
increase in the levels of fat and demonstrated that the
methionine cycle-SBP- 1/SREBP1-lipogenesis axis was
required for early-life B12 to determine health outcomes
later in life [30]. Furthermore, it is reported that supple-
mentation of B12 at a critical developmental time window
rescued the fat phenotype, particularly at early stages.
However, the programmed disorders at later life were
not effective with supplementation of B12 but reversed
through suppression of SBP- 1/SREBP1-lipogenesis sign-
aling. Since simultaneous upregulation of FAO rate and
mitochondrial health is a mechanism to augment the
release of FA from AT [31], our study further investi-
gated the expression of FAO genes in low B12 adipocytes
and mature human sc/omWAT and found they were sig-
nificantly impaired. Reduction in FAO capacity has been
reported with obesity and animal models with restricted
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B12 [32]. Furthermore, the incidence of metabolic dis-
orders affecting tissues such as the liver, heart, and skel-
etal muscles that solely depend on FAO for metabolism
has been reported [33]. Previous studies in hepatocytes
also reported a significant reduction in the rate-limiting
enzyme CPT1la and downstream genes involved in FAO
as a result of low B12 [14]. Conversely, models with sup-
plementation of deprived mice with methyl donors, such
as B12 and folate, showed alleviation of hepatic fatty infil-
tration via upregulation of FAO [34]. This was achieved
following a significant reduction in carnitine levels sig-
nifying an upregulation in CPT1a [35]. To confirm our
observation of low B12-induced FAO impairment in AT,
we assessed mitochondria functional integrity in a pread-
ipocyte cell line and primary adipocytes, and the corre-
lation of B12 with FAO genes in mature human scWAT
and omWAT. Low B12 resulted in a significant reduc-
tion in OCR and SRC suggesting an impaired mitochon-
drial function, whereas a significant positive correlation
observed between serum B12 and FAO genes in scWAT
and omWAT affirmed the changes. Our evidence sup-
ports that B12 deficiency induces dysregulation of lipid
metabolism promoting synthesis and storage of FAs in
AT with reduced FA catabolism and mitochondrial dys-
function. As such, if AT is not able to buffer lipids in
this low B12 induced state, lipids will spill over into the
bloodstream resulting in dyslipidemia, an underlying
cause of obesity-associated inflammation and IR.

In addition to lipid dysregulation and mitochondrial
dysfunction, we found that serum B12 negatively cor-
related with inflammatory genes (IL1P, IL6, IL8, IL18,
MCP1, TGFP, and TNFa) in both depots of WAT. We
also observed increased expression of pro-inflammatory
genes in both in vitro and ex vivo models of adipocytes.
IL8, IL18, and MCP1 were several folds higher in obese
adipocytes with low B12 than lean adipocytes. Further,
the circulating levels of inflammatory cytokines (MCP1,
IL- 8) were associated with low B12 and lipid profile.
These findings highlight that the pro-inflammatory
responses in AT are intrinsically linked with levels of
B12. Previous clinical studies showed B12 deficiency is
associated with inflammation and cardiometabolic risk
and revealed that serum B12 is associated with inflam-
matory molecules (IL- 6, CRP) [36]. In a cross-sectional
study with middle-aged participants, a negative associa-
tion was observed between TNF-a and serum B12 [37]. A
recent study in Crone’s disease showed pro-inflammatory
cytokines IL- 1 and TNF-a were significantly upregu-
lated during folate and vitamin B,, deprivation follow-
ing Mycobacterium avium paratuberculosis infection
[38]. Further to this, data from naturally aged, healthy
wild-type mice provides supporting evidence by also
showing an inverse relationship between serum B12 and
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IL- 6. Rats fed with B12 deficient diet triggered NASH
through activation of pro-inflammatory pathways with
an imbalanced release of IL- 1, IL- 10, and MCP1 [19].
Supplementation studies with both humans and ani-
mals demonstrate that B12 may have a positive effect on
inflammatory status via reduction of hyperhomocyst-
einemia or improving the antioxidant capacity [39, 40].
To our knowledge, this is the first study showing results
in human primary adipocytes and different depots of AT
with varying levels of B12. Our data supports an impor-
tant role of B12 on inflammatory secretion which might
lead to adipocyte dysfunction and metabolic diseases.
The exact mechanism of such dysfunction requires fur-
ther study to provide new insights into the pathogenesis
of maternal obesity and the relevance of micronutrient
supplementation for pregnant mothers.

Our study’s strength lies in comprehensively investi-
gating human AT in two different depots complemented
with in vitro cell line and primary adipocytes in a micro-
nutrient deficient environment. However, there are some
limitations. Although the study involved a large sample
size, it is a cross-sectional study and from a single center.
Hence, a longitudinal prospective cohort of women from
early pregnancy with postpartum and offspring data is
needed to evaluate whether mother’s gene expression on
lipid and inflammation has influence in later-life and pro-
grams offspring cardiometabolic risk [8]. Socio-demo-
graphic and physiologic variables could influence the
B12 levels and the expression of these genes in AT; there-
fore, inclusion of potential confounding variables and
covariates in the regression analyses will predict whether
maternal B12 independently associates with these meta-
bolic risk factors by adjusting for likely confounders.

Conclusions

In summary, our study evidenced that AT-specific B12
deficiency significantly dysregulated AT lipid metabo-
lism and inflammation, thereby promoting dyslipidemia
and worsening obesity-related complications that could
underlie the development of IR and cardiometabolic risk.
As B12 has a central role in methylation, further epige-
netic studies are required to determine tissue-specific
methylation changes related to lipid and inflammation
pathways and metabolic phenotype. Overall, this study
not only highlights the importance of B12 requirement in
early pregnancy for improvement of metabolic status in
mothers and offspring’s early life, but also warrants fur-
ther study to reveal biological targets and mechanism for
this high-risk sub-group of people for the later life treat-
ment of metabolic disease in adulthood.
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