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for hemoglobin, B12, methylmalonic acid (MMA), total 
homocysteine (tHcy), ferritin and serum transferrin recep-
tor, C-reactive protein (CRP) and alpha-1-acid glycopro-
tein (AGP). Vitamin B12 was also assessed in breast milk. 
H1N1-specific antibodies were determined in plasma and 
colostrum/breast milk.
Results  At baseline, 26  % women were B12 defi-
cient (<150  pmol/L), 40  % had marginal status (150–
220  pmol/L), 43  % had elevated MMA (>271  nmol/L), 
and 31  % had elevated tHcy (>10 μmol/L). Supplemen-
tation increased B12 in plasma, colostrums and breast 
milk (p  <  0.05) and lowered MMA in neonates, mothers 
and infants at 3  months (p  <  0.05). B12 supplementation 
significantly increased H1N1-specific IgA responses in 
plasma and colostrums in mothers and reduced propor-
tion of infants with elevated AGP and CRP compared with 
placebo.
Conclusion  Supplementation with 250 μg/day B12 dur-
ing pregnancy and lactation substantially improved mater-
nal, infant and breast milk B12 status. Maternal supple-
mentation improved H1N1 vaccine-specific responses in 
mothers only and may alleviate inflammatory responses in 
infants.
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Abstract 
Purpose  Poor vitamin B12 (B12) status is associated with 
adverse outcomes in pregnancy and infancy. Little is known 
about effects of B12 supplementation on immune function. 
The present study aimed to evaluate effects of pre- and 
postnatal B12 supplementation on biomarkers of B12 sta-
tus and vaccine-specific responses in mothers and infants.
Method  In a blinded, placebo-controlled trial, Bang-
ladeshi women (n  =  68, age 18–35  years, hemoglobin 
<110  g/L, 11–14  weeks pregnant) were randomized to 
receive 250 μg/day B12 or a placebo throughout pregnancy 
and 3-month postpartum along with 60 mg iron + 400 μg 
folate. Women were immunized with pandemic influenza 
A (H1N1) vaccine at 26- to 28-week gestation. Blood 
from mothers (baseline, 72-h post-delivery, 3-month post-
partum), newborns and infants (3-month) was analyzed 
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MMA	� Methylmalonic acid
NBL	� Nutritional Biochemistry Laboratory
RDA	� Recommended dietary
tHcy	� Total plasma homocysteine
WHNRC	� Western Human Nutrition Research Center 

allowance
sTfR	� Soluble transferrin receptor

Introduction

Deficiency of vitamin B12 is highly prevalent in women 
of reproductive age, particularly among populations with 
limited intake of animal source foods [1, 2]. In addition to 
increased requirements during pregnancy and lactation [3], 
another risk factor for impaired vitamin B12 status is mal-
absorption and diarrheal infections [4, 5]. Impaired vitamin 
B12 status during pregnancy is associated with increased 
risk of birth defects and common pregnancy complications 
such as intrauterine growth restriction, preterm delivery 
and neural tube defects [6, 7]. Reported prevalence of B12 
deficiency (serum or plasma B12 <150  pmol/L) among 
pregnant women in South Asia is scarce [8–10]. Accord-
ing to the recently completed national micronutrient status 
survey in Bangladesh, B12 deficiency (<148 pmol/L) and 
marginal deficiency (<221  pmol/L) were 15.9 and 6.1  %, 
respectively, among non-pregnant, non-lactating women 
[11]. The JiVitA study in rural north-western Bangladesh 
found a prevalence of 20 % deficiency in early pregnancy 
[12]. The MINIMAT trial in Matlab reported that 46 % of 
women had deficient B12 status early in their third trimes-
ter [13]. In the same cohort, B12 deficiency was also pre-
sent in 37 % of infants at 6 months of age [14].

Anemia is a major public health problem in Bangladeshi 
women and infants [14, 15]. In light of B12 deficiency, it 
is of critical importance to know whether inclusion of vita-
min B12 in addition to iron–folate given during pregnancy 
and lactation under the national program in Bangladesh can 
improve hematologic features in mothers and infants and 
improve their B12 status. In spite of the high global preva-
lence of B12 deficiency and its serious effects on pregnant 
women and offspring, there are no reported supplementa-
tion trials that have used adequate amounts of B12 in preg-
nancy and postpartum.

There are limited data on the role of vitamin B12 on 
immunomodulatory effects on innate and adaptive immu-
nity [16, 17]. Only one study reported that low serum 
B12 concentrations in immunocompetent elderly subjects 
impaired antibody response to pneumococcal polysaccha-
ride vaccine [18]. There is a need to further explore the 
role of B12 on vaccine-specific adaptive immunity. The 
licensed inactivated influenza vaccine is recommended for 
pregnant women but not infants. Studies in Bangladesh 

demonstrated that influenza vaccination of pregnant women 
during the second–third trimesters can provide their infants 
with passive protection from respiratory illness [19, 20]. 
We conducted a randomized, placebo-controlled clinical 
trial in Bangladesh to assess the effect of B12 supplemen-
tation in pregnancy and lactation on alleviation of anemia, 
and improvement of B12 status and vaccine-specific immu-
nity in mothers and infants.

Methods

Study area

The site selected was an urban maternity clinic in the 
Maternal and Child Health Training Institute (MCHTI) 
in Azimpur, Dhaka. The hospital caters to the low- and 
middle-income residents of Azimpur and the surrounding 
areas. Pregnant women living in the communities of Azim-
pur and Kamrangir Char were recruited through the clinic.

Selection of participants

There were two female field workers (FFW) supervised by 
a Field Research Supervisor (FRS) based on the office in 
MCHTI. The FFW initially surveyed the study field site 
for potential study participants placing them on a screen-
ing list. After consenting, the participants became eligible 
for the study once they passed the inclusion criteria. The 
FFW invited women aged 18–35  years at an early stage 
of pregnancy (11–14  weeks) to participate in this ran-
domized clinical trial from June 2010 to August 2012. 
Pregnant women were identified by reported history of a 
missed menstrual period. The FFW explained the research 
study to women and asked for their willingness to deliver 
their infant at the MCHTI. Those who agreed to partici-
pate provided signed consent in the presence of family 
members (usually mother, mother-in-law or husband) as a 
witness. The field supervisor then scheduled clinic visits 
for blood drawing. Eligible participants (Hb <110 g/L to 
enable evaluation of the effects of B12 on anemia) were 
enrolled consecutively, assigned to a B12 supplemented or 
placebo group, and followed for about 9  months. Exclu-
sion criteria were severe anemia (Hb <70  g/L); <2  years 
gap between pregnancies; history or presence of systemic 
disease, complicated pregnancy or preterm delivery, and 
during the study, abortion; and history of hypersensitivity 
to influenza vaccine.

Ethics

The study protocol was reviewed and approved by the 
Ethical Review Committee of the International Centre for 
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Diarrheal Disease Research, Bangladesh (ICDDR,B), and 
the Human Research Protection Office at UC Davis.

Intervention

No toxic or adverse effects, including maternal or fetal 
complications, have been reported with large intakes of 
vitamin B12 from food or supplements [21]. Ampola et al. 
[22] first demonstrated that a single pharmacologic dose 
of 10  mg B12 supplement followed by daily intramuscu-
lar dose of 5 mg, from 34 weeks of gestation to 41 weeks 
after delivery, reverted methylmalonic acidemia status in 
the mother and the infant with no serious adverse effects. 
Kuzminski et  al. [23] further showed that in B12 defi-
ciency, 2 mg of cyanocobalamin administered orally on a 
daily basis was superior to 1 mg administered intramuscu-
larly on a monthly basis. A pharmacological dose of B12 
(250 μg/day) was chosen in this study because previous 
studies have shown minimal efficacy when recommended 
dietary allowance (RDA; 2.6 µg/day) was provided [14].

Enrolled women were randomly assigned to receive 
either B12 supplements or a placebo pill identical in 
appearance and taste. The vitamin B12 and placebo supple-
ments were prepared, packaged, and blinded by the Incepta 
Pharmaceuticals Company in Bangladesh and delivered in 
small bottles of ten tablets. Bottles were labeled as A and 
B, and the identity was kept confidential until the end of 
the study. The tablet, either A or B, to be received by the 
first participant was determined by lottery, and thereaf-
ter, every alternate participant received that type of tablet. 
The vitamin B12 tablets were masked for taste and flavor 
and were indistinguishable in appearance, color and taste 
from the placebo tablets. The IDs of the participants were 
sequential. Participants and caregivers were blinded to the 
randomization until laboratory work and statistical analy-
sis were completed. Both groups also received daily dose 
of 60  mg iron and 400  µg of folic acid (iron–folate) as 
part of the routine care of pregnant women delivered by 
the Health, Nutrition, and Population Sector Program and 
implemented by the Ministry of Health and Family Wel-
fare of Bangladesh. Daily supplementation with iron–folate 
and vitamin B12 or placebo was continued until 3-month 
postpartum.

Vaccination against pandemic influenza A (H1N1)

At 26–28 weeks of gestation, all women received influenza 
immunization with the A/California/7/2009 (H1N1) v-like 
strain (X-179A) LOT: AFLSA203AA (National Institute 
for Biological Standards and Control, Hertfordshire, UK). 
A trained hospital nurse administered the vaccine intra-
muscularly, and participants were observed for 15 min after 
vaccination.

Compliance, anthropometric and dietary data collection

The FFW made weekly home visits to deliver that week’s 
dose of either placebo or supplements to mothers in person, 
and while in their home, they checked the consumption of 
the tablets on memory cards completed by the women and 
counted leftover pills. During the first visit to the clinic, 
maternal height was measured to the nearest 0.1 cm using a 
wall-mounted stadiometer (locally manufactured and cali-
brated), and body weight to the nearest 0.005  kg with an 
electronic weighing scale, after removal of shoes and heavy 
clothing. Dietary intake of B12- and folate-rich foods by 
study participants was recorded at the beginning and end of 
follow-up using a dietary diversity questionnaire previously 
validated in this community.

Sample collection

Peripheral blood (at enrollment, 72-h post-delivery and 
3-month postpartum), colostrum (5 mL, within 72-h post-
delivery) and breast milk (5 mL, 3-month postpartum) from 
mothers, and peripheral blood from infants (3-month) were 
collected. At birth, a cord blood (10 mL) sample from the 
umbilical vein was collected into Li-heparin tube (Becton–
Dickinson, Franklin Lakes, NJ, USA), by a trained nurse 
at the clinic. Maternal (7  mL) and infant (2.5  mL) blood 
samples were collected by venipuncture from mothers and 
infants in Li-heparin-coated tubes covered with foil. Manu-
ally expressed breast milk was collected from the mothers 
in the clinic, usually at the end of a breastfeeding session. 
All samples were aliquoted and stored at −80  °C until 
analysis.

Biochemical analyses

The quantitative determination of total Hb in whole blood 
(500 μL) was made by spectrophotometry (SIGMA kit, St 
Louis, MO, USA) after conversion of Hb to cyanmethemo-
globin. Soluble transferrin receptors (sTfR) and alpha-1-acid 
glycoprotein (AGP) were determined by immunoturbidimet-
ric assay on a Roche automated clinical chemistry analyzer 
(Hitachi-902, Boehringer Mannheim, Germany). Plasma 
ferritin, folate and B12 were measured by an electrochemi-
luminescence immunoassay method using immunoassay 
analyzer (Cobas e6000, Roche Diagnostics GmbH, Man-
nheim, Germany) in the NBL at ICDDR,B. At the Western 
Human Nutrition Research Center (WHNRC) in Davis, CA, 
plasma MMA was analyzed by liquid chromatography–tan-
dem mass-spectrometry (UPLC-MS/MS) [24] and plasma 
tHcy was determined by high-performance liquid chroma-
tography with fluorescence detection (HPLC-FLD; Agilent 
1200; Burnsville, MN, USA) [25]. Breast milk B12 analy-
sis was carried out on a Siemens IMMULITE® automated, 
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quantitative immunoassay analyzer (Duluth, GA, USA) at 
WHNRC [26]. Hs-CRP was analyzed by Cobas Integra® 
400 plus Analyzer (Roche Diagnostics, Indianapolis, USA). 
The within- and between-assay coefficients of variation for 
plasma samples were <10 % for all analytes.

Vaccine‑specific antibody responses

Influenza vaccine-specific antibody responses in plasma 
(IgA, IgG) and colostrum/breast milk (IgA) were measured 
by enzyme-linked immunoadsorbent assay (ELISA) at the 
NBL. Duplicate samples were tested, and a human serum 
reference standard (WHO International Standard for anti-
body to influenza H1N1pdm virus; NIBSC code: 09/194) 
was serially diluted to generate a reference curve. Briefly, 
plates (MaxiSorp F96 by NUNC, Naperville, IL, USA) 
were coated with 1  µg/mL of Influenza Antigen A/Cali-
fornia/7/2009 (H1N1)v (NYMC-X179A) (Egg Derived) 
(NIBSC, UK). After an overnight incubation, ELISA plates 
were washed with PBS + 0.05 % Tween-20 and non-spe-
cific binding was blocked with 3 % BSA in PBS. Standards 
and samples were added in duplicates and incubated for an 
hour followed by washing and incubation with conjugates 
(goat antihuman IgA-HRP or mouse antihuman IgG (Fc)-
HRP) for 1 h. Color was developed by adding 1-Step Ultra 
TMB-ELISA (Vector PK4000 Kit, Vector Laboratories, 
Burlingame, CA, USA), and reaction was stopped with 
1 M sulfuric acid. Plate was read at 450 nm in a microplate 
reader (Labsystem Multiskan Ascent, Vienna, VA, USA). 
The concentration of influenza-specific IgG or IgA was 
derived by extrapolation from the standard curve generated 
from the reference serum (mIU/mL).

Diagnostic cutoffs

Mild anemia was defined as <110 g/L of Hb in pregnancy 
[27] or <105 g/L in infants [28]. Cutoffs of <150, 150–220 
and >221 pmol/L were used to classify mothers and infants 
as having deficient, marginal or adequate plasma vita-
min B12 status, respectively [29]. Folate concentrations 
<5 nmol/L were defined as deficient [30]. Elevated MMA 
was defined as >271  nmol/L [31, 32], and elevated tHcy 
(hyperhomocysteinemia) as >10 and >12  μmol/L during 
pregnancy and lactation, respectively [33]. Serum ferritin 
<15 and <12 μg/L was used to classify mothers and infants 
with low iron store, respectively [34]. sTfR >8.5 mg/L indi-
cated iron deficiency [35]. The cutoffs of >1.2 g/L for AGP 
in mothers [36] and >0.6 g/L in infants [37] and >5.0 mg/L 
for CRP [36] in both groups have been used to indicate 
inflammation, where “any inflammation” was defined by 
elevated CRP or AGP. Immune response was defined as a 
twofold or greater increase in influenza vaccine-specific 
antibody levels at 3-month postpartum.

Sample size

Since there were no data on the effect of maternal vitamin 
B12 supplementation on infant B12 status, we calculated 
sample size based on the following study. Supplementa-
tion of HIV-infected pregnant women with multivitamins 
(vitamins B, C and E) containing 50  µg B12 throughout 
pregnancy and 6-month postpartum increased infant serum 
B12 concentration by 127 pmol/L with a standard deviation 
of 165 pmol/L [38]. Using 90 % power and a significance 
level of ≤0.05, the estimated sample size to detect effects 
of maternal supplementation on infant plasma vitamin B12 
was 37/group. Considering a dropout of 10 %, the required 
sample size in each group was 41.

Statistical methods

Statistical analyses were conducted using SPSS (version 
17.0) for WINDOWS software (SPSS, Inc., Chicago, IL). 
Differences were significant at p ≤  0.05. Descriptive sta-
tistics were performed to assess normality of the distribu-
tion of the biochemical variables. Outcome variables that 
did not conform to a normal distribution (i.e., plasma and 
breast milk vitamin B12, plasma MMA, tHcy, ferritin and 
sTfR, vaccine-specific IgG and IgA) were log-transformed 
before analyses. Continuous variables were summarized as 
median with 25th and 75th percentiles/mean  ±  standard 
deviation/geometric mean with 95 % confidence intervals. 
An unpaired t test was used to assess differences in base-
line characteristics between the placebo and vitamin B12 
groups. Analysis of covariance (ANCOVA) compared these 
groups at each time point, controlling for baseline values 
and all significant covariates. The Chi-square test com-
pared the percentage of sero-converted (>twofold increase 
in titer) participants between groups. Bivariate correlations 
between variables including maternal and infant plasma 
B12, MMA and tHcy, and colostrum and breast milk B12, 
vaccine-specific IgG and IgA were examined by using 
Pearson’s correlation coefficient (r).

Results

Recruitment and participant flow

Even though the inclusion criteria were to enroll pregnant 
women with Hb <110 g/L, in urban slums of Dhaka city, it 
was difficult to find women at gestation week 11–14 with 
this cutoff. Many women have already started the intake of 
iron and folate pills as early as 8–10 weeks of pregnancy, 
and concentration of Hb ranged from 87 to 117 g/L among 
these women. A total of 82 women were enrolled in the 
study, of whom 41 were randomized to the placebo and 41 
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to the B12 supplement groups. During the study period, 
four participants aborted, five migrated, two refused to take 
the tablets or withdrew, and three were lost to follow-up 
(Fig.  1). Thus, the final analysis included 68 mother and 
infant pairs (35 in the placebo and 33 in the B12 group). 
The compliance of complete intake of tablets was 95 % in 
placebo group and 94  % in B12 group. Analysis of data 
was based on intention to treat.

Baseline values

Demographic and biochemical variables did not dif-
fer between groups at baseline (Table  1). The mean age 
of women was 22.5  ±  3.6  years, and mean BMI was 
21.2 ± 4 kg/m2. About 46 % women were anemic at base-
line (Table  2). There was no significant difference in the 
proportion of anemic women between the two groups at 
enrollment (placebo, 41 % vs. B12-group, 50 %, p = 0.62). 
Among these women, only 16  % were iron deficient 
defined by low ferritin and only one woman had elevated 
sTfR. Vitamin B12 insufficiency was quite common among 
these women as was the prevalence of elevated MMA and 
tHcy (hyperhomocysteinemia) (Table  2). A woman was 
considered to have impaired B12 status if abnormal con-
centrations were obtained for B12 and one or more addi-
tional biomarkers. It was more common to have impaired 
status with any two biomarkers rather than all three bio-
markers (B12, MMA and tHcy) (Table 2).

A questionnaire tool was applied to collect informa-
tion on consumption of animal source food (ASF), rich in 
B12 (meat, egg, fish and dairy products) during the previ-
ous 7  days. The consumption pattern of ASF was similar 
in both groups at baseline. Consumption of at least two 

ASF was 42 % in the supplemented and 36.4 % in the pla-
cebo group (p = 0.67), while only 2 % participants in both 
groups consumed all four ASF.

Associations among biomarkers at baseline

Plasma vitamin B12 was positively correlated with folate 
and inversely with MMA (Supplementary Fig. 1). tHcy was 

Fig. 1   Participant flow and 
follow-up

Table 1   Baseline characteristics of pregnant women in placebo and 
B12 supplemented groups

Values are means  ±  Data given as mean  ±  standard deviation. p 
value is for the unpaired t test between groups
a  Information of gestation week is missing from three mothers
b  n = 32
c  n = 30

Characteristics Placebo, n = 35 B12, n = 33 p

Age (years) 22.2 ± 3.7 22.8 ± 3.5 0.48

Weight (kg) 46.3 ± 8.7 48.0 ± 11.2 0.50

Height (m) 1.5 ± 0.06 1.50 ± 0.06 0.99

BMI (kg/m2) 21.1 ± 4.0 21.5 ± 4.1 0.66

Gestation week (% term birth) 93.3 (30/32a) 87.8 (29/33) 0.15

Hb (g/L) 111.8 ± 9.9 112.3 ± 8.6 0.71

B12 (pmol/L) 198.7 ± 94.2 191.6 ± 97.3 0.72

Folate (nmol/L) 17.4 ± 7.7 20.2 ± 10.9b 0.21

MMA (nmol/L) 282.7 ± 211.9 256 ± 134.3 0.77

tHcy (µmol/L) 9.1 ± 2.5 10.1 ± 3.3 0.16

Ferritin (µg/L) 53 ± 40.2 54.1 ± 40.2 0.93

sTfR (mg/L) 2.2 ± 1.7 2.09 ± 0.55 0.94

Hs-CRP (mg/L) 4.5 ± 5.0 4.2 ± 4.4 0.54

AGP (g/L) 0.55 ± 0.18 0.53 ± 0.18c 0.56
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positively correlated with plasma MMA and inversely with 
plasma folate (Supplementary Fig. 2) but not with plasma 
B12. Baseline ferritin was strongly correlated with folate, 
likely due to the combined iron–folate supplementation. 
Hb and B12 were not correlated with each other and nei-
ther correlated with either of the markers of acute phase 
response (AGP and Hs-CRP). sTfR was correlated with 
AGP and, as expected, inversely correlated with ferritin 
(Supplementary Table 1).

Maternal vitamin B12 status

Supplementation significantly increased median plasma 
B12 in mothers (267 vs. 142 pmol/L) at 72-h post-deliv-
ery and (416 vs. 242  pmol/L) at 3-month postpartum 
compared with placebo group (all p < 0.001) (Fig. 2a). 
Only one woman in the supplemented group remained 
in the deficient range and one in the marginal range at 
3-month postpartum. In contrast, in the placebo group, 
about 29  % (10/35) women remained marginally defi-
cient and one remained in the deficient range. Supple-
mentation significantly lowered median MMA (198 vs. 
305 nmol/L, p < 0.001) at 72-h post-delivery and (191 
vs. 294  nmol/L, p  <  0.001) at 3-month postpartum in 
mothers (Fig.  2b) compared with placebo group. The 
prevalence of elevated MMA was 18  % (6/33) among 
mothers at 3  months of lactation in the supplemented 
group compared with 60  % (21/35) in the placebo 
group. However, plasma tHcy concentrations in moth-
ers at 3-month postpartum [elevated tHcy: 12 % (4/33) 
for B12 group, vs. 23  % (8/35) for placebo group, 
p = 0.25] were not significantly affected by supplemen-
tation (Fig. 2c).

Median B12 in colostrum of the supplemented group 
increased greatly to 778 versus 320  pmol/L in the pla-
cebo group (p  <  0.001). Also, at 3  months of lactation, 

Table 2   Prevalence of abnormal biomarkers in plasma of pregnant 
women at baseline

There were no differences at baseline between the two groups in 
terms of the various deficiencies

Biochemical characteristics % (n)

Ferritin ≤15 µg/L, iron deficiency 16.2 (11/68)

Ferritin ≤30 µg/L, unfavorable iron status 36.7 (25/68)

Folate (<5 nmol/L), deficiency 0

Hemoglobin (<110 g/L), anemia 45.5 (31/68)

Vitamin B12 <150 pmol/L, deficiency 26.4 (18/68)

Vitamin B12 150–220 pmol/L, marginal deficiency 39.7 (27/68)

MMA (>271 nmol/L), elevated 42.6 (29/68)

tHcy (>10.0 µmol/L), elevated 30.8 (21/68)

Vitamin B12 <221 pmol/L and MMA >271 nmol/L 30.8 (21/68)

Vitamin B12 <221 pmol/L and tHcy >10.0 µmol/L 21 (14/68)

Vitamin B12 <221 pmol/L, MMA >271 nmol/L and  
tHcy >10.0 µmol/L

8.8 (6/68)

Fig. 2   Plasma concentrations of a vitamin B12 (pmol/L), b MMA 
(nmol/L), c tHcy (µmol/L) at defined time points (mothers: baseline 
at gestation week 11–14 and 3-month postpartum; infant: at birth 
and 3 month) in the placebo and B12 groups. The box plot shows the 
median and 25th and 75th percentiles. ANCOVA was performed to 
compare between groups, controlling for baseline values. ★p < 0.05; 
★★p < 0.01; ★★★p < 0.001
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the median milk B12 concentrations in the supplemented 
women were significantly higher compared with the pla-
cebo group (235 vs. 170 pmol/L, p = 0.03) (Fig. 3).

Infants vitamin B12 status

The majority (91  %) of infants was born at term (after 
38.8 ± 1.8 weeks of gestation) (Table 1). There were four 
preterm births in the B12 group and two in the placebo 
group (born before 37  weeks of gestation). There were 
no significant differences in birth weight between the two 
groups (p = 0.87). There were only two low birth weight 
infants (<2,500 g) in the Placebo group, and one in the B12 
group.

In the placebo group, three newborns were B12 defi-
cient and six were marginally deficient. In the B12 group, 
two newborns were marginally deficient in vitamin B12; 
however, no overt B12 deficiency was found. Further-
more, six infants of placebo group with adequate B12 
status at birth became B12 deficient after 3 months; sim-
ilarly, one infant in the B12 group became B12 deficient 
after 3 months probably due to non-compliance of the 
mother. Supplementation increased median plasma B12 
in newborns (555 vs. 208 pmol/L) and in infants (328 vs. 
200 pmol/L) at 3 months (all p < 0.001) (Fig. 2a) compared 
with the placebo group. In the supplemented group, 85 % 
(28/33) infants had adequate B12 status. Only three infants 
remained in the deficient range and two in the marginal 
range. In contrast, only 36 % infants in the placebo group 
had adequate B12 status, about 29 % (10/34) remained B12 
deficient, and 35 % (12/34) had marginal B12 status.

Supplementation lowered MMA in newborns (291 vs. 
424 nmol/L, p = 0.003) and infants (256 vs. 351 nmol/L, 
p  =  0.017) at 3  months (Fig.  2b) and reduced tHcy in 
newborns (8 vs. 11 µmol/L, p = 0.027) and infants (9 vs. 
14 µmol/L, p < 0.001) (Fig. 2c).

Anemia and iron status

Vitamin B12 supplementation had no significant effects on 
mean Hb concentrations or on iron status biomarkers (fer-
ritin or sTfR) of mothers or infants at 3 months (Table 3). 
Maternal median Hb increased in all women at 3  months 
most likely due to intake of iron and folate supplements 
(baseline vs. 3  months, 113  g/L vs. 130  g/L, p =  0.06). 
Prevalence of anemia decreased in both groups and was 
comparable in mothers (from baseline to 3-month postpar-
tum, 41–38 % in B12 group and 50–34 % in placebo group) 
and infants (29 % for B12 group vs. 34 % for placebo) at 
3 months. When women with baseline Hb <110 g/L were 
considered, there was no difference in the increase in Hb 
levels at 3-month postpartum between the two groups 
(p = 0.11).

H1N1 vaccine‑specific adaptive response

Pre-immunization geometric mean titers (GMT) (IgG, 
IgA) for H1N1 influenza vaccine antigens were simi-
lar in the two groups at baseline. In general, the GMT of 
vaccine-specific IgA or IgG peaked in cord plasma and 
then decreased in mothers by 3-month postpartum. Inter-
estingly, B12 supplementation significantly increased 
vaccine-specific plasma IgA concentrations in mothers 
at 3-month postpartum compared with the placebo group 
(p  =  0.032) (Fig.  4a). However, unlike mothers, H1N1 
IgA response in infants was not different between the two 
groups (Fig. 4a).

At 3-month postpartum, the percentage of mothers with 
a twofold or greater increase in H1N1-IgG titers did not 
differ (p = 0.17) between groups (56 vs. 37 % for B12 and 
placebo groups, respectively). There was a trend for higher 
H1N1 IgG responses in infants of supplemented mothers 
compared with the infants of placebo mothers (p =  0.09) 
(Fig. 4b).

In both groups, the mean H1N1-specific IgA antibody 
titer was notably higher in the colostrum compared with 
the breast milk at 3-month postpartum. Colostrum in 
the supplemented group showed a greater IgA antibody 
response to the H1N1 vaccine than the placebo group 
(p  =  0.04). However, the difference between the two 
groups was not significant in breast milk at 3  months of 
lactation (Table 4).

In the supplemented mothers, vitamin B12 in colostrum 
was strongly correlated with colostrum H1N1 IgA; how-
ever, this association was not significant for placebo moth-
ers (Fig. 5a, b). Similarly, breast milk B12 was correlated 
with H1N1 IgA in the supplemented but not in the placebo 
group (Fig. 5c, d).

Fig. 3   Concentration of vitamin B12 (pmol/L) in colostrum (col-
lected within 72  h after delivery) and breast milk (collected at 
3 months of lactation). Horizontal bar indicates median value. 
ANCOVA was performed to compare between groups, controlling for 
baseline values. ★p < 0.05; ★★★p < 0.001
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Acute phase response

Concentrations of maternal plasma acute phase markers 
(AGP and Hs-CRP) did not differ significantly between the 
two groups at baseline or at 3-month postpartum. Intrigu-
ingly, plasma AGP in infants of supplemented group was 
significantly lower than the placebo group at 3  months 
(p =  0.05) (Table  4). Infants of the supplemented group 
tended to have lower concentrations of Hs-CRP compared 
with the placebo group, though this difference was not sta-
tistically significant (p =  0.11). However, the proportion 
of infants having Hs-CRP >5.0  mg/L (p =  0.03) or AGP 
>0.6  g/L (p =  0.06) in the B12 group were significantly 
lower compared with the placebo group (Table 4).

Discussion

In this study, we found that maternal status of plasma vita-
min B12 and MMA and colostrum, and breast milk B12 is 
substantially improved by 250  μg/day (i.e., 96–100-fold 
higher than RDA) supplements throughout pregnancy and 
lactation. In addition, infants born to these supplemented 
mothers had improved vitamin B12 status, i.e., higher 
plasma B12 and lower plasma tHcy and MMA concentra-
tions. B12 supplementation significantly improved mater-
nal vaccine-specific IgA response. To our knowledge, this 
is the first study to show beneficial effects of maternal B12 
supplementation on the vaccine-specific adaptive immunity.

In regions such as Bangladesh, many women have 
inadequate vitamin B12 status, most likely due to low 
intake of animal source food. According to the national 

micronutrient status survey 2011–2012, average consump-
tion of B12 from food is 2.07 µg/day among non-pregnant, 
non-lactating women [11]. Our findings also suggest lim-
ited intake of animal source food during pregnancy. The 
current US RDA for vitamin B12 is 2.6  µg/day in preg-
nancy and 2.8  µg/day in lactation [39]. Fetal demand for 
vitamin B12 is approximately 0.3 µg/day [40]. Only a small 
percentage of vitamin B12 is absorbed when given orally 
in high doses [1]. It is thus quite likely that the 250 µg sup-
plement/day delivered a few µg of absorbed B12 to the 
women; however, this dose was effective in raising B12 sta-
tus of both mothers (416 pmol/L) and infants (328 pmol/L) 
up to 3-month postpartum. A recent study by Duggan et al. 
[41] showed that a dose of 50 µg/day throughout pregnancy 
up to 6-week postpartum among urban Indian women 
raised plasma B12 concentrations to 216  pmol/L in the 
second trimester. However, this dose did not maintain B12 
concentrations above 220 pmol/L (150–220 pmol/L; mar-
ginal deficiency) in mothers during the third trimester or in 
the infants at 6 weeks (199 pmol/L). In the MINIMat trial, 
multiple micronutrient supplementation (containing 2.6 µg/
day B12, RDA) from first trimester up to 3-month postpar-
tum decreased B12 deficiency level in infants in the multi-
ple micronutrient group by 11 %, but no effects were noted 
in the mothers [14]. Interestingly, when multivitamins con-
taining 50  µg B12 were given to HIV-infected pregnant 
women throughout pregnancy up to 6-month postpartum, 
this dose in the multivitamins was sufficient to increase 
infant serum B12 concentration (423 pmol/L) [38]. In our 
study, 250  µg B12/day increased B12 concentrations in 
both colostrums and breast milk. Similarly, Duggan et  al. 
demonstrated elevated concentrations of B12 in breast 
milk up to 6-week postpartum in the supplemented group. 
However, the concentrations were much lower (97 pmol/L) 
than those obtained in our study (235 pmol//L) [41]. These 
results suggest that both the dose and the duration of sup-
plementation are important for sustaining optimum concen-
tration of B12 in circulation. Additional randomized con-
trolled trials are needed to test the efficacy of supplemental 
doses between the apparently inadequate amount when pro-
vided as the RDA [14] and the high dose provided here and 
the duration of supplementation.

The prevalence of impaired vitamin B12 status, elevated 
MMA and tHcy in early pregnancy in the present study 
is in agreement with that previously reported in similar 
B12-deficient populations in India [42] and Nepal [10]. 
Supplementation with 250 μg/day B12 reduced MMA and 
tHcy concentrations in Bangladeshi women. Corroborating 
our finding, a study in rural Mexico showed that a single 
mega dose of intramuscular injection of B12 followed by 
500 μg/day orally for 3 months in non-pregnant and non-
lactating women reduced MMA and tHcy in plasma [43]. 
In contrast, the 50 µg/day B12 dose in Indian women did 

Table 3   Folate, hemoglobin, and iron status of mothers and infants at 
3-month postpartum

Values are mean ± SD

p value is for the ANCOVA between groups controlling for maternal 
baseline value

Variable Placebo B12 p

Folate (nmol/L)

Mother, 3 month 16.1 ± 8.8 14.7 ± 6.8 0.42

Infant, 3 month 34.9 ± 10.9 31.7 ± 9.5 0.21

Hb (g/L)

Mother, 3 month 150.9 ± 36.6 130.9 ± 44.4 0.47

Infant, 3 month 119.7 ± 35.7 116.8 ± 23.1 0.74

Ferritin (µg/L)

Mother, 3 month 49.1 ± 33.8 51.7 ± 44.0 0.88

Infant, 3 month 78.2 ± 61.1 93.5 ± 80.4 0.43

sTfR (mg/L)

Mother, 3 month 2.6 ± 0.6 3.1 ± 1.1 0.08

Infant, 3 month 4.1 ± 1.2 3.7 ± 1.0 0.23
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not have any impact on MMA and tHcy concentrations dur-
ing pregnancy. However, lowering of MMA and tHcy con-
centrations was evident in their infants [41] albeit higher 
than those observed in newborns and infants in our study. 
An important observation was that the achieved levels of 
B12 and MMA in Bangladeshi infants in the supplemented 
group were comparable with those of “healthy” Norwegian 
infants with adequate B12 status [44].

Similar to other studies [43, 45], vitamin B12 supple-
mentation did not further improve Hb levels and iron status 
biomarkers of mothers at 3-month postpartum or infants. 
Likely, maternal Hb was increased due to concomitant 
supplementation of all participants with 60  mg/day iron 

and 400  µg/day folic acid throughout the study. Folate 
deficiency was absent in this study population, probably 
due to successful implementation of government program 
of folic acid supplementation throughout pregnancy and 
postpartum.

Recent studies show a high burden of influenza in children 
<6 months of age in Bangladesh [46]. A series of studies in 
Bangladesh demonstrated that influenza and pneumococ-
cal vaccination of pregnant women can provide their infants 
with passive protection from respiratory illness via transfer 
of vaccine-specific antibodies through fetal/placental trans-
fer and breast milk [19, 46–48]. Since vitamin B12 plays a 
critical role in DNA synthesis, the proliferation of rapidly 

Fig. 4   Plasma H1N1 vaccine-
specific a IgA and b IgG 
antibody titers at defined time 
points (mothers: baseline at ges-
tation week 11–14 and 3-month 
postpartum; infant: 3 month). 
Geometric mean titer is given as 
horizontal bar in each column. 
The left Y axis is used for moth-
ers, and the right Y axis is used 
for the infants. ★p < 0.05
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dividing lymphoid and hematologic cells could be impaired 
in vitamin B12 deficiency. Earlier clinical and experimen-
tal observations have demonstrated association between 
B12 deficiency and hypogammaglobulinemia [49–52]. In 
elderly patients with pernicious anemia, cyanocobalamin 
(B12) treatment increased concentrations of immunoglobu-
lins (IgG, IgA and IgM) and complements (C3) and restored 
cell-mediated immunity [53]. Given the fact that infant vita-
min B12 deficiency is secondary to maternal deficiency [54], 
we hypothesized that poor B12 status may impair vaccine-
specific immunity of both mothers and infants. However, 
we found that B12 supplementation increased post-immu-
nization plasma H1N1-IgA in mothers only but not in chil-
dren. Both groups had similar levels of vaccine-specific 
IgA responses in breast milk, which may partly explain the 
absence of intervention effects in the infants. Interestingly, 
in the supplemented group, H1N1-specific IgA was corre-
lated with B12 concentration in colostrums and breast milk 
but not in the placebo group. Further research is warranted to 
elucidate whether this association is implicated in the local 
mucosal protection for the infant.

Transplacental transfer of IgG from mothers is impor-
tant for protection of infants during the first 6 months of 
life when the infant immune system is not fully developed 
to produce IgG [55]. Earlier studies have shown a progres-
sive decline of passive IgG antibodies in infants with a 
half-life of up to 35–38 days after birth [47, 48]. We found 
that concentration of H1N1-specific IgG was highest in the 
cord blood with several fold lower levels in mothers (five-
fold–eightfold) and in children (20–28 fold) at 3 months. 
The reduction of passive H1N1-specific IgG levels in the 
infants appeared to be slower in the B12 group compared 
with the placebo group (p = 0.09). A slow disappearance of 
vaccine-specific IgG in the B12 group would reflect better 
protection against seasonal flu in infants as shown by Chu 
et  al. [48]. A larger sample size would have more power 
to show a significant difference. It is also possible that the 
slow decline in antibody titers in the B12 group would have 
been more evident if measured at multiple time points, 
e.g., at 2, 4 and 6 months. It is noteworthy that different 
types of influenza viruses (influenza viruses A, B and C) 
circulate among the human populations. The earlier study 

Table 4   Immune responses to H1N1 Influenza vaccine antigen and 
acute phase response markers in mothers, newborns and infants

Data are mean ±  SD, unless otherwise specified. p value is for the 
unpaired t test between groups

For H1N1 IgA and H1N1 IgG, data are geometric mean titer (GMT; 
95 % confidence interval)

For infant plasma H1N1 IgG, ANCOVA was performed to compare 
between groups, controlling for cord plasma H1N1 IgG
a  Colostrum could not be obtained from four women within the spec-
ified 72 h

Variables Placebo B12 p

H1N1 IgA (IU/mL)

Colostrum 666 (307, 1445)a 959 (503, 1830) 0.04

Breast Milk 79 (49, 127) 72 (44, 119) 0.67

Newborn 125 (47, 329) 161 (69, 373) 0.37

H1N1 IgG (IU/mL)

Newborn 822 (522, 1293) 765 (502, 1165) 0.91

AGP (g/L)

Mother, baseline 0.55 ± 0.19 0.53 ± 0.18 0.56

Mother, 3 month 0.72 ± 0.15 0.75 ± 0.23 0.67

Newborn 0.76 ± 0.52 0.60 ± 0.47 0.50

Infant, 3 month 0.75 ± 0.32 0.62 ± 0.28 0.05

Infants (%) with >0.6 g/L 20/32 (62.5 %) 13/33 (39.3 %) 0.062

Hs-CRP (mg/L)

Mother, baseline 4.5 ± 5.0 4.2 ± 4.4 0.63

Mother, 3 month 2.1 ± 2.5 2.0 ± 1.8 0.78

Newborn 0.81 ± 1.5 1.2 ± 2.2 0.36

Infant, 3 month 3.3 ± 4.7 1.3 ± 1.9 0.11

Infants (%) with  
>5.0 mg/L

9/35 (26 %) 2/32 (6 %) 0.032

Fig. 5   Maternal plasma vitamin B12 versus concentration of H1N1-
specific IgA in colostrum in a B12 (r = 0.41; p = 0.02; n = 32) and 
b placebo (r = 0.10; p = 0.60; n = 29) groups. Maternal plasma vita-
min B12 versus H1N1-specific IgA in breast milk in c B12 (r = 0.39; 
p = 0.04; n = 28) and d placebo (r = 0.07; p = 0.73; n = 27) groups. 
All values are expressed in log10 scale
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[19] in pregnant women used trivalent inactivated influenza 
virus vaccine, which consists of three antigens, two from 
influenza A (H3N2, H1N1) virus and one from influenza B 
virus, while the present study used the monovalent vaccine 
(H1N1). This may have restricted our study findings with 
regards to other subtypes.

The acute phase response is a generalized reaction of the 
body to inflammation. Elevated acute phase proteins, AGP 
and CRP may be indicative of ongoing inflammatory pro-
cesses. A notable finding of this study is that maternal vita-
min B12 supplementation had an impact in reducing the 
percentage of children with elevated acute phase response. 
Prendergast et  al. [56] reported that persistently high lev-
els of plasma CRP and AGP in Zimbabwean infants 
at various intervals after birth resulted from low-grade 
chronic inflammation and were associated with stunting at 
18 months of age. The beneficial impact of maternal B12 
supplementation may also have consequences in later life 
health outcomes.

There were a number of limitations in the study. One 
drawback is the small sample size that limits statistical 
power to detect differences. Several factors (e.g., nutri-
tional status of mother–infant pairs, South Asian study set-
ting) may limit the generalizability of our study findings 
to other regions. Larger randomized clinical trials in other 
geographical locations are required to confirm these find-
ings. Quantitative intake of food and 24-h dietary data were 
not collected to allow determination of B12 content in the 
daily diet, thereby ruling out the scope for assessing dietary 
B12 influence on study outcomes.

The national program in Bangladesh recommends that 
all pregnant and lactating women up to 3-month postpar-
tum should receive iron–folate/day with the aim to reduce 
maternal anemia. Due to inadequate data, the possible 
significance of vitamin B12 status in pregnancy is little 
appreciated by policy makers. The current study provides 
evidence of beneficial effects of pre- and postnatal B12 
supplementation on both mothers and infants. Further 
mechanistic studies would be of much interest to assess 
the impact of B12 supplementation during pregnancy and 
postpartum on functional measures of cellular and humoral 
immune responses. Future studies may explore other 
options, for example, by fortifying staple food—wheat 
flour or rice, milk or milk products (e.g., yogurt, cheese and 
sweetmeat) to improve maternal and subsequently infant 
vitamin B12 status.
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