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Abstract

Aims/hypothesis Raised maternal plasma total homocys-
teine (tHcy) concentrations predict small size at birth,
which is a risk factor for type 2 diabetes mellitus. We
studied the association between maternal vitamin Bj,,
folate and tHcy status during pregnancy, and offspring
adiposity and insulin resistance at 6 years.

Methods In the Pune Maternal Nutrition Study we studied
700 consecutive eligible pregnant women in six villages.
We measured maternal nutritional intake and circulating
concentrations of folate, vitamin B,, tHcy and methylma-
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lonic acid (MMA) at 18 and 28 weeks of gestation. These
were correlated with offspring anthropometry, body com-
position (dual-energy X-ray absorptiometry scan) and
insulin resistance (homeostatic model assessment of insulin
resistance [HOMA-R]) at 6 years.

Results Two-thirds of mothers had low vitamin B,
(<150 pmol/l), 90% had high MMA (>0.26 pumol/l) and
30% had raised tHcy concentrations (>10 pmol/l); only one
had a low erythrocyte folate concentration. Although short
and thin (BMI), the 6-year-old children were relatively
adipose compared with the UK standards (skinfold thick-
nesses). Higher maternal erythrocyte folate concentrations
at 28 weeks predicted higher offspring adiposity and higher
HOMA-R (both p<0.01). Low maternal vitamin B,
(18 weeks; p=0.03) predicted higher HOMA-R in the
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children. The offspring of mothers with a combination of
high folate and low vitamin Bj, concentrations were the
most insulin resistant.

Conclusions/interpretation Low maternal vitamin B, and
high folate status may contribute to the epidemic of
adiposity and type 2 diabetes in India.

Keywords Adiposity - Folate - Insulin resistance -
Maternal nutrition - Offspring - Pregnancy - Vitamin B,

Abbreviations
DEXA dual-energy X-ray absorptiometry

FFQ food frequency questionnaire

GLV green leafy vegetable

HOMA-R homeostatic model assessment of insulin
resistance

MMA methylmalonic acid

MUAC mid-upper-arm circumference

NTD neural tube defect

PCA principal components analysis

PMNS Pune Maternal Nutrition Study

SES socioeconomic status
tHey total homocysteine

Introduction

The ‘thrifty phenotype’ hypothesis [1] introduced a new
paradigm in the aetiology of chronic disease and stimulated
research into the relationship between maternal nutrition,
fetal growth and offspring risk of type 2 diabetes mellitus.
India has the largest number of diabetic patients in the
world [2] and this may be related to the fact that Indian
babies are amongst the smallest in the world [3]. We were
the first to demonstrate that low birthweight of Indian
babies predicts insulin resistance and adiposity in childhood
[4]. Subsequently we demonstrated that the apparently
small Indian newborn babies are relatively adipose, hyper-
insulinaemic and hyperleptinaemic compared with white
babies [5, 6]. These babies grow into shorter, thinner (low
BMI) but more adipose (higher body fat per cent and higher
central fat) adults compared with whites, and have a many
times higher risk of type 2 diabetes [7]. Thus, in addition to
the role of putative genetic and modern day lifestyle factors,
the intrauterine environment may also influence the risk of
type 2 diabetes mellitus. The Pune Maternal Nutrition
Study (PMNS) is the first study in India to investigate the
relationship between maternal nutrition and offspring risk
of type 2 diabetes and cardiovascular disease. Data were
collected on the mother’s size, diet, micronutrient status and
physical workload during pregnancy [6, 8, 9], and the
newborns were measured in detail at birth and every
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6 months thereafter. At 6 years of age, the offspring were
investigated for risk of type 2 diabetes and cardiovascular
disease.

We have reported that a higher frequency of maternal
intake of green leafy vegetables (GLVs), milk and fruit and
higher erythrocyte folate concentrations are associated with
larger newborn size [8]. In a small sub-sample we found
that higher maternal circulating total homocysteine (tHcy)
predicted low offspring birthweight [10]. Other studies in
Pune have shown that vitamin B, deficiency is common
and contributes to hyperhomocysteinaemia, while folate
deficiency is rare [11, 12].

We therefore hypothesised that vitamin B, and folate
deficiency in the mother during pregnancy would predict
greater adiposity and insulin resistance in the offspring.

Methods

The recruitment of mothers and follow-up of the children in
the PMNS (Fig. 1) has been described [6, 8, 9]. The study
started in 1993. Non-pregnant married women living in six
villages near Pune had detailed anthropometric measure-
ments every 3 months and menstrual dates were recorded
monthly. Women who became pregnant were assessed at
18+2 and 28+2 weeks of gestation for anthropometry,
physical workload, dietary intake (24 h recall and food
frequency questionnaire [FFQ]) and measurement of circu-
lating nutrients. According to the National Nutritional
Anemia Control Programme, women were given 100
tablets of iron (60 mg per tablet) and folic acid (500 pg
per tablet) from 18 weeks of gestation. Newborn babies
were measured within 72 h of birth (1994-1996), and the
children were followed up post-natally with repeat anthro-
pometry every 6 months.

At 6 years of age (December 2000—February 2003) the
children were investigated for body size, body composition
and risk factors for type 2 diabetes mellitus and cardiovas-
cular disease. Families were instructed to continue their
usual diet and activity prior to the study, and were trans-
ported to the Research Unit the previous evening. They were
provided with a standard dinner and then water only until the
next morning. A fasting blood sample was collected,
followed by a 1.75 g/kg body weight oral anhydrous glucose
load and a further blood sample 120 min later.

The family’s socioeconomic status (SES) was assessed
using the Standard of Living Index devised by the National
Family Health Survey [13]. Weight and height were
measured using standardised protocols. Whole-body dual-
energy X-ray absorptiometry (DEXA) scans (Lunar DPX-
1Q 240; Lunar Corporation, Madison, WI, USA; paediatric
software) were carried out to measure total, truncal and leg
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Fig. 1 The PMNS: a flow dia-
gram to describe data collection
and exclusions from the study.

Data collected

Six villages Excluded from study

Total population n ~ 35,000

LMP Last menstrual period

Pre-conception
Three-monthly anthropometry
LMP dates recorded every
month

All married non-
pregnant women
n=2,675
2,466 (92%) participated

Pregnancies
n=1,102

Spontaneous abortions

Fetal anomalies (ultrasound)
| Multiple pregnancies
l ¥ Medical terminations

Late booking (>21 weeks)

Intra-uterine Pregnant women
At 18 and 28 weeks gestation: enrolled
Anthropometry J .
une 1994-April 1996
Diet (24 h recall + FFQ) P
Physical activity n=197
Circulating micronutrients .
Vitamin B 1 | Late abortions n=12
Folate »  Late terminations n=14
Vitamin C l Maternal death n=1
Birth Live births
Detailed anthropometry n=762
Major anomalies n=9
| Baby not measured n=51
> Mother diabetic n=1
Mother hypertensive ~ n=1

Post-natal Included in this
Infant feeding analysis
Anthropometry every 6 months n=700
Early neonatal death  n=3
| . Late neonatal death n=11
Other infant death n=3
Death after infancy n=9
Children at 6 years -
Available for
Anthropometry
Body composition fOHOW'up at 6 years
Glucose tolerance test n=674

Insulin resistance (HOMA-R)
Blood pressure
Lipids, vitamin B,

Studied 1n=653 (97%)

fat mass, percentage body fat and lean mass. Standard
quality assurance tests were performed every day. The
DEXA machine was installed 3 months after the study
started, and therefore 59 children had DEXA measurements
later than the other investigations.

Plasma glucose was measured using an Hitachi 911
automated analyser (Hitachi, Tokyo, Japan) by the glucose
oxidase peroxidase method. Plasma insulin was measured
using a Delfia technique (Victor 2; Wallac, Turku, Finland)
[14]. Insulin resistance was calculated using the fasting

insulin and glucose concentrations (homeostatic model
assessment of insulin resistance [HOMA-R]) [15]. As
previously described, maternal erythrocyte folate concen-
trations were measured at the time of the original study
(1993-1996), taking all necessary precautions in the
collection, transport and storage of samples [8]. Based on
the findings of a preliminary study [10], we measured
plasma vitamin Bi,, tHcy and methylmalonic acid (MMA)
concentrations in all the stored maternal fasting samples
(—80°C) in February 2004, as described [11].
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Ethical permission for the study was granted by the
KEM Hospital Ethical Committee, and by the local village
leaders. Parents gave informed written consent. None of
these volunteers were paid for participating in the study.

Statistics Skewed variables were transformed to normality
using the following transformations: log to the base e (In)
(plasma vitamin B, [18 weeks], tHcy and MMA and
erythrocyte folate concentrations, maternal fat intake, and
the child’s trunk and leg fat mass), square root (maternal
energy, protein, and carbohydrate intakes, and the child’s
total fat mass) and reciprocal of square root (maternal
vitamin Bj, concentrations at 28 weeks). Maternal pre-
pregnant fat mass was calculated from the sum of four
skinfold thickness measurements [16]. Maternal intakes of
specific foods, based on the FFQ, were analysed as
categorical variables. Low vitamin B, and erythrocyte
folate concentrations were defined as <150 pmol/l and
<283 nmol/l, respectively. Elevated tHcy and MMA con-
centrations were defined as >10 and >0.26 pmol/l [17].
Correlations between different nutritional measures in the
mothers were tested using Pearson correlation coefficients.
Relationships between maternal nutritional variables and
outcomes in the children were analysed using multiple linear
regression.

As a final stage of the analysis, we summarised the inter-
relationships between maternal factors and outcomes in the
children using principal components analysis (PCA) and
conditional independence analysis. We first performed a
PCA to condense the information contained in large groups
of variables into a small number of ‘component’ variables.
These components are independent of each other and
therefore can be used in regression analysis without the
problem of colinearity [18]. The groups of variables were:
(1) maternal pre-pregnant size (height, skinfold thicknesses,
head circumference, mid-upper-arm circumference
[MUAC] and waist and hip circumferences); (2) maternal
macronutrient intakes (energy, protein, carbohydrate and fat
intakes at 18 and 28 weeks); (3) maternal micronutrient-rich
foods in pregnancy (frequency of intake of dairy products,
GLYV, fruit and non-vegetarian items [meat, fish and eggs] at
18 and 28 weeks of gestation); (4) maternal micronutrient
status (vitamin B,, folate, tHcy and MMA concentrations
at 18 and 28 weeks); (5) newborn size (birthweight, length,
skinfold thicknesses, MUAC, head and abdominal circum-
ferences); and (6) 6 year body composition (height and
DEXA measurements of lean mass, and total, truncal and
limb fat). Other key variables (maternal SES and physical
workload score [mean of 18 and 28 week scores], and
HOMA-R in the child at 6 years) remained as single
variables. These, and the relevant principal components
were included simultaneously in a conditional indepen-
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dence analysis, which is a method of displaying ‘pathways’
of association between a pre-specified set of variables (in
this case, the groups of variables described above). The
partial correlation (that is, the correlation while holding the
remaining variables constant in the set) of each pair of
variables was calculated [19]. A ‘path’ diagram was then
drawn, connecting pairs of variables that were significantly
correlated (p<0.01). Two-tailed significance was calculated
at 5% level. Analyses were performed using SPSS 11.0 for
windows (SPSS, Chicago, IL, USA) and STATA 7.0
(STATA, College Station, TX, USA).

Results

Many of the maternal size and nutritional measurements
and their relationship to neonatal size have been described
before [8]. The age (median [25th, 75th centiles]) of the
mothers when they became pregnant was 21 (19, 23) years.
They were short (152.0 [148.5, 155.4] cm) and had a low
pre-pregnant BMI (17.8 [16.7, 19.1] kg/m?) but a relatively
high percentage body fat (20% [18, 24]). Their dietary
intakes and micronutrient status during pregnancy are
shown in Table 1. The women’s energy and protein intakes
were low compared with the recommended dietary allow-
ances of 10,565 kJ (2,525 kcal) and 65 g/day, respectively
[20]. At 18 and 28 weeks, their energy intakes were 1.57
and 1.43 times their calculated basal metabolic rate [21].
One-third of women were lacto-vegetarian, and only 15%
of women ate non-vegetarian foods more frequently than
once every alternate day. The portion sizes of non-
vegetarian foods were small (<120 g/day for chicken, fish
and meat dishes and ~60 g/day for eggs).

Maternal vitamin B;, and folate status Women in whom
vitamin B,,, folate and related measurements were not
available had similar pre-pregnant weight, SES and weight
gain at 28 weeks of pregnancy compared with those who
were studied. The majority of women (>60%) had low
plasma vitamin B;, concentrations (Table 1), over 90% had
elevated MMA concentrations, and one-third were hyper-
homocysteinaemic. On the other hand only one woman had
a low erythrocyte folate concentration. Between 18 and
28 weeks of gestation, plasma vitamin B;,, MMA and tHcy
concentrations remained similar (p~0.11, for all), while
erythrocyte folate concentrations increased (p<0.001).
Plasma tHcy and MMA concentrations were inversely
related to plasma vitamin B, (p<0.001 for both at 18 and
28 weeks of gestation). Low vitamin Bj, concentration
contributed 41 and 24% to the population attributable risk
of hyperhomocysteinaemia, and 40 and 12% to high MMA
at 18 and 28 weeks of gestation, respectively; the
contribution of low folate concentration could not be
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Table 1 Maternal nutrition data during pregnancy (median and 25th and 75th centiles, unless otherwise stated)

Number 18 weeks of gestation Number 28 weeks of gestation
Macronutrient intakes
Energy (kJ) 692 7,293 (5,858, 8,774) 670 6,803 (5,523, 8,268)
Energy (kcal) 692 1,743 (1,400, 2,090) 670 1,626 (1,320, 1,976)
Carbohydrate (g) 692 313 (257, 376) 670 296 (236, 360)
Protein (g) 692 44.9 (354, 54.8) 670 41.7 (33.8, 51.3)
Fat (g) 692 32.7 (23.9, 42.9) 670 29.6 (22.4, 39.2)
FFQ, n (%)
GLVs
Never 692 15 (2) 671 69 (10)
<l per week 692 139 (20) 671 197 (29)
>1 per week 692 277 (40) 671 243 (36)
>Alternate day 692 261 (38) 671 162 (24)
Dairy products, 1 (%)
Never 692 107 (15) 671 96 (14)
<I per week 692 141 (20) 671 137 (20)
>1 per week 692 129 (19) 671 144 (21)
>Alternate day 692 315 (46) 671 294 (44)
Non-vegetarian foods, n (%)
Never 692 228 (33) 671 254 (38)
<1 per week 692 182 (26) 671 181 (27)
>1 per week 692 182 (26) 671 149 (22)
>Alternate day 692 100 (14) 671 87 (13)
Circulating micronutrients
Vitamin By, (pmol/l) 638 135 (103, 175) 594 122 (94, 160)
<150 pmol/l, n (%) 380 (60) 423 (71)
Erythrocyte folate (nmol/l) 618 874 (687, 1,1006) 562 961 (736, 1,269)
<283 nmol/l, n (%) 1(0.2) 1(0.2)
MMA (pmol/l) 636 0.80 (0.50, 1.34) 594 0.73 (0.44, 1.18)
>0.26 pmol/l, n (%) 586 (94) 533 (90)
tHey (pumol/l) 639 8.1 (6.8, 10.3) 593 8.6 (6.7, 10.8)
>10 pmol/l, n (%) 177 (28) 193 (33)

Dairy products refers to whole milk plus milk products (milk in tea and other beverages, yoghurt, buttermilk, ghee, ice cream and other milk-

based preparations). Non-vegetarian foods are meat, fish and eggs

calculated because of small numbers. Higher frequency of
intake of dairy products and non-vegetarian foods was
associated with higher plasma vitamin B, concentrations
(»p=0.005 and 0.04, respectively) and lower tHey (p=0.1 and
p=0.04) and MMA concentrations (p=0.01 and p=0.003).
Plasma vitamin B, concentrations were also related to
protein intakes (28 weeks, p=0.03) but not to energy intake.
Higher frequency of GLV intake predicted higher erythrocyte
folate concentrations (p=0.001). All these associations were
independent of the energy intake and SES.

Maternal nutrition during pregnancy and newborn size
Maternal vitamin B;, and MMA concentrations were
unrelated to neonatal measurements. As previously de-
scribed [8], lower maternal folate concentrations were
associated with smaller newborn weight, MUAC and
abdominal circumference (p=0.003, 0.008, 0.008, respec-
tively). Higher tHcy concentrations at 18 weeks were

associated with smaller newborn size (MUAC, p=0.02;
abdominal circumference, p=0.02; and subscapular and
triceps skinfold thicknesses, p=0.01 and p=0.007).

Maternal nutrition during pregnancy and offspring size,
body composition and HOMA-R at 6 years At 6 years, the
children were light, short and had a low BMI compared
with an international (UK) reference [22] (Table 2); none
were overweight or obese as defined by International
Obesity Task Force [23] criteria. However, skinfold
thickness measurements showed that the children were
relatively truncally adipose; the mean SD score for
subscapular skinfold thickness was —0.42 compared with
the UK growth standards [24], in contrast with —2.23 for
weight and —1.86 for BMI. Higher fat mass and higher
body fat per cent were associated with higher fasting insulin
concentrations, higher HOMA-R and higher 120 min
plasma glucose concentrations (»p<0.05 for all).
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Table 2 Characteristics of the children at 6 years (n=653)

Median (IQR) Mean SD score®

(SD)
Age (years) 6.1 (6.1, 6.2)
Weight (kg) 16.0 (14.8, 17.3) —2.23 (1.00)
Height (cm) 109.7 (106.7, 112.9) —1.39 (0.89)
BMI (kg/m?) 13.3 (12.8, 14.0) —1.86 (0.90)
Subscapular skinfold 5.0 (44, 5.6) —0.42 (0.68)
thickness (mm)
Triceps skinfold 6.2 (54,7.1) —1.41 (0.79)
thickness (mm)
Fat mass (kg) 3.1(24,3.7)
Fat (%) 18.8 (15.5, 22.2)
Leg fat mass (kg) 1.3 (1.0, 1.5)
Trunk fat mass (kg) 0.9 (0.7, 1.2)
Lean mass (kg) 12.7 (11.7, 13.7)

Insulin resistance
(HOMA-R)

120 min glucose
(mmol/1)

Vitamin By, (pmol/l)

0.70 (0.37, 1.06)
5.49 (4.82, 6.21)

224 (167, 311)

2SD scores at 6 years were derived from the UK growth standards
[26, 28]
IOR Interquartile range

Higher frequency of maternal intake of GLVs and higher
erythrocyte folate concentrations (28 weeks) were associat-
ed with higher fat mass and higher per cent body fat in the
children (GLVs: p=0.02, 0.08; and folate: p=0.01, 0.002;
Table 3). None of the maternal nutritional variables were
related to lean mass in the children.

Higher frequency of maternal intake of dairy products at
28 weeks, and lower plasma vitamin By, (18 weeks) and
higher erythrocyte folate concentrations (28 weeks) were
associated with higher HOMA-R in the children (Table 3).
The highest HOMA-R was in children whose mothers had
the lowest vitamin B, and highest folate concentrations
(Fig. 2). There was no statistically significant interaction,
however, between vitamin B, and folate concentrations in
relation to HOMA-R (Table 4). The associations remained
significant after further adjustment for the child’s own fat
mass and plasma vitamin B;, concentrations. None of the
other maternal dietary or macronutrient variables were
related to HOMA-R in the children.

Maternal vitamin B, concentrations were not related to
the child’s insulinogenic index (a measure of beta cell
function) but 28 week erythrocyte folate concentration was
directly related (p<0.01).

PCA and conditional independence analysis PCA and

conditional independence analyses are summarised in
Fig. 3 and the Electronic supplementary material (ESM)
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Table 1. Mothers of higher SES had higher intakes of the
micronutrient-rich foods, except non-vegetarian foods
(correlation A). Larger maternal body size (correlation B)
and larger size of the offspring at birth (correlation C) were
associated with larger 6 year size. None of the maternal
nutritional variables were related to 6 year body composi-
tion in the children, but the contrast between folate and
vitamin Bj, concentrations (micronutrient status, factor 3:
higher maternal folate and MMA and lower vitamin Bj,)
was associated with higher HOMA-R in the child at 6 years
(correlation D).

Discussion

We have demonstrated for the first time in a purposeful,
community-based prospective study an association between
maternal nutritional measurements in pregnancy and two
major risk factors for type 2 diabetes in the offspring.
Among rural mothers in Pune, energy and protein intakes
are lower than the recommended daily allowance, vitamin
B, status is poor but folate status is adequate. Maternal
macronutrient intakes were unrelated to adiposity and
insulin resistance in the offspring. However, higher mater-
nal folate concentrations predicted greater adiposity (fat
mass and body fat per cent) and higher insulin resistance,
and lower vitamin B;, concentrations predicted higher
insulin resistance. Children born to mothers with low
vitamin Bj, concentrations but high folate concentrations
were the most insulin resistant. The 18 week vitamin B,
concentration was more strongly associated with insulin
resistance than the 28 week value, while the reverse was
true for erythrocyte folate. The lifespan of erythrocytes
(4 months) means that 28 week erythrocyte folate reflects
nutritional status earlier in pregnancy. Thus, early-mid
pregnancy may be a critical period for the programming
of adiposity and insulin resistance.

The PMNS children are short and thin but relatively
adipose compared with white children, similar to the
situation in Indian newborns [5, 6] and adults [25]. There
were no excessively adipose or insulin-resistant children in
this cohort, but adiposity measures were strongly related to
metabolic risk factors (glycaemia and insulin resistance) in
the normal range. Other studies have shown that higher
levels of risk factors in the normal range in childhood
predict an increased risk of disease in later life [26, 27].

We have demonstrated that the ‘thin-fat” phenotype of
Indians is associated with a higher risk of type 2 diabetes
[7]. This phenotype reflects the simultaneous involvement
of two major body compartments (less lean but more
adipose), which contribute to the pathogenesis of type 2
diabetes [28]. Our study suggests that an intrauterine
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Table 3 Outcomes in the children at 6 years (body composition and insulin resistance) according to maternal vitamin B, concentrations at
18 weeks, erythrocyte folate at 28 weeks and GLV and dairy product intake at 28 weeks

Number Height (cm)

Fat mass (kg)

Lean mass (kg) Insulin resistance (HOMA-R)

Vitamin By, at 18 weeks (pmol/l)

<103 146 110.2 (4.3) 3.3 (0.9) 12.8 (1.6) 0.78 (0.42, 1.34)
103-134 150 109.3 (4.6) 3.0 (1.0) 12.7 (1.5) 0.68 (0.35, 0.99)
135-174 145 109.6 (4.9) 3.1 (1.0) 12.9 (1.7) 0.69 (0.30, 0.95)
>175 151 110.0 (4.9) 3.2 (1.0) 12.8 (1.7) 0.61 (0.35, 1.00)
p value® 0.8 0.5 0.3 0.03
p value® 0.6 0.4 0.3 0.04

Erythrocyte folate at 28 weeks (nmol/l)
<734 129 109.2 (4.6) 3.0 (1.0) 12.8 (1.7) 0.52 (0.28, 0.81)
734691 136 109.8 (4.5) 3.1 (0.9) 12.9 (1.6) 0.65 (0.36, 0.92)
962-1,268 131 109.9 (4.7) 32 (1.2) 12.7 (1.8) 0.71 (0.39, 1.12)
>1,269 127 110.7 (4.8) 3.4 (1.1) 13.0 (1.6) 0.85 (0.51, 1.27)
p value® 0.02 0.001 0.5 <0.001
p value® 0.7 0.01 0.4 <0.001

GLVs at 28 weeks
Never 63 109.1 (5.5) 3.0 (0.9) 12.5 (1.7) 0.83 (0.25, 1.23)
<Once per week 183 109.5 (4.7) 3.0 (1.0) 12.7 (1.7) 0.73 (0.36, 1.05)
>Once per week 231 109.8 (4.6) 3.2 (1.0) 12.8 (1.7) 0.69 (0.34, 0.99)
>Alternate days 146 110.5 (4.1) 33 (1.2) 13.0 (1.6) 0.66 (0.41, 1.00)
p value® 0.002 0.001 0.01 0.99
p value® 0.4 0.02 0.4 0.98

Dairy products at 28 weeks
Never 87 108.4 (4.9) 2.9 (0.9) 12.6 (1.8) 0.60 (0.32, 0.95)
<Once per week 124 110.2 (4.1) 3.2 (1.0) 12.8 (1.6) 0.62 (0.37, 0.99)
>Once per week 134 109.4 (4.6) 3.2 (0.9) 12.7 (1.7) 0.73 (0.40, 1.06)
>Alternate days 278 110.3 (4.6) 32(1.2) 12.9 (1.7) 0.74 (0.37, 1.11)
p value® 0.005 0.03 0.3 0.02
p value® 0.2 0.2 0.8 0.006

Values are mean (SD) or median (interquartile range)
p value adjusted for the child’s age and sex

°p value adjusted for the above, plus: SES, the mother’s pre-pregnant height and fat mass, the child’s birthweight, skinfold thicknesses and
gestation at delivery and the mother’s protein intake at the time of measurement

imbalance between two related micronutrients (vitamin B,
and folate) may be responsible. A related concept is that of
sarcopenic obesity, which increases risk of metabolic and
skeletal adverse outcomes [29].

0.9

0.8

0.7

Insulin resistance
(HOMA-R)

0.5
S1144
<1144 o3®
0.4 ; . <807 P
<114 <160 >160 RS
18 week plasma vitamin B, (pmol/l) l‘é’o\%\ek“

Fig. 2 Insulin resistance (HOMA-R) in the children at 6 years in
relation to maternal vitamin B, (18 weeks) and erythrocyte folate
(28 weeks)

We did not find an association between maternal vitamin
B, concentrations and size at birth, possibly because so
many women had values in the deficient range. However,
higher maternal tHcy concentrations (which were related to
low vitamin B, concentrations) predicted smaller newborn
size. A study in Bangalore, South India, where mothers had
higher vitamin B, concentrations, found that low maternal
vitamin Bj, concentrations predicted fetal growth retarda-
tion [30]. These findings are consistent with the ‘thrifty
phenotype hypothesis,” which proposed that ‘poor’ mater-
nal nutritional status increases the risk of type 2 diabetes in
the offspring [1]. On the other hand, the positive associa-
tions of maternal folate and intakes of GLVs and dairy
products with adiposity or insulin resistance in the children,
are contrary to the hypothesis because they predicted larger
offspring size at birth. Our results suggest a need for
caution in designing nutritional strategies to improve fetal
growth and future health based on relationships with birth
size alone.
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Table 4 Multiple linear regression models for child’s insulin resistance (HOMA-R) at 6 years as the dependent variable

Independent variable Model 1 Model 2 Model 3 Model 4
1) p value 5] p value 15 p value I3 p value
Plasma vitamin B, at 18 weeks (pmol/l) -0.16 0.03 -0.16 0.04
Erythrocyte folate at 28 weeks (nmol/l) 0.38 <0.001 0.38 <0.001
Interaction term (vitamin By, % folate) —0.08 0.7

The independent variable included maternal plasma vitamin B, concentration at 18 weeks gestation, erythrocyte folate at 28 weeks gestation,
child’s age, sex, fat mass and standard of living index. The models progressively included vitamin B,, erythrocyte folate, both, and an interaction

term (models 1 to 4, respectively)

Previous studies linking maternal nutrition in pregnancy
to cardiovascular risk factors in the offspring did not
measure vitamin B, or folate [31]. These two vitamins
play a crucial role in nucleic acid synthesis and one-carbon
metabolism. Low maternal folate status has been implicated
in the aetiology of neural tube defects [32] and high tHcy
levels have been associated with poor pregnancy outcomes
[10, 33, 34]. This has led to a policy of supplementation
with folic acid before and during pregnancy, and fortifica-
tion of flour with folic acid in some countries. The Indian
policy is to provide iron and folic acid (60 mg and 500 pg
per day) to all pregnant mothers [35]. Despite the evidence

Maternal | Maternal nutrition |
social
factors
Mother’s pre-pregnant size
F1: Greater overall size
F2: Taller, less adipose
Mother’s Mother’s macronutrient intake
physical
workload F1: Greater overall intake |
F2: More at 18 weeks, less at 28weeks
F3: More fat, less carbohydrate |
Mother’s micronutrient-rich foods
F1: Greater overall intake |
A F2: More dairy, less non-veg |
Mother’s | F3: More dairy and non-veg, less GLV/fruit |

socioeconomic
status

Mother’s micronutrient status

| F1: More B, and folate; less tHcy and MMA |

‘1 F2: More MMA and B,; less tHcy |

| F3: More MMA and folate, less B,

Fig. 3 The groups of variables used in the PCAs are described in
Statistical methods. The notation F/—F3 indicates the first to third
principal components, or factors (F), derived from each group of
variables. Lines connecting boxes indicate significant positive corre-

@ Springer

of widespread deficiency [11] vitamin B, supplementation
is not a consideration in pregnant Indian women. Vegetar-
ianism and low milk intakes contribute to low vitamin By,
status in Indians [36, 37]. Vegetarianism is multigenera-
tional, and influenced by religious and socioeconomic
factors. King Samrat Ashok (273 BcC) first banned the
killing of animals for food and this was institutionalised by
three religions: Jainism, Hinduism and Buddhism. The role
of socioeconomic factors is evident in the small portion
sizes of non-vegetarian foods habitually eaten by our
mothers. Adequate folate status in the PMNS indicates
adequate dietary intake even before supplementation was

6 year size and body
composition
Newborn size F1: Greater overall size; more adipose
F1: Greater overall size t{ F2: Taller, more
= muscular, less adipose

F2: Longer, less adipose

6 year
insulin
resistance
(homa-r)

lations (p<0.01), and bold lines denote correlations significant at p<
0.001. Correlations labelled A—D are explained in the Results (PCA
and conditional independence analysis). Veg Vegetables
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started (18 weeks of gestation), which further increased the
levels. In addition, it is our experience that many Indian
obstetricians routinely prescribe high doses of folic acid
(5§ mg or more) in ‘early’ pregnancy with the intention of
preventing neural tube defects, even though the majority
of pregnant women approach the doctor after 12 weeks of
gestation, when the neural tube is already closed. Thus
religious and socioeconomic factors, and medical practices,
contribute to create an imbalance in these two related
vitamins. The association of higher maternal intake of dairy
products with insulin resistance in the offspring requires
further exploration. It is intriguing that higher milk
consumption is associated with higher insulin resistance in
European children [38].

We can only speculate about the possible mechanisms
for our findings (Fig. 1). Vitamin B, deficiency will trap
folate as 5-methyltetrahydrofolate [39], prevent the gener-
ation of methionine from homocysteine and therefore
reduce protein synthesis and lean tissue deposition. Elevat-
ed methylmalonyl-CoA could contribute to increased
lipogenesis by inhibiting carnitine palmitoyltransferase
[40] and thereby inhibit (3-oxidation [41]. An analogous
clinical situation is high-dose folic acid treatment of
severely vitamin B,-deficient pernicious anaemia patients:
anaemia improves but neurological damage worsens,
possibly because of accumulation of odd-chain carbon fatty
acids [42]. Epigenetic regulation, involving DNA methyl-
ation, may be another mechanism of nutritional program-
ming, as demonstrated in animal models [43—45]. It would
be interesting to study these aspects further.

The PMNS has many strengths including a population-
based design and high participation and follow-up rates.
The nutritional assessment methods were developed spe-
cifically for the population. The rural setting is representa-
tive of over 70% of the Indian population, in whom the
prevalence of diabetes is rapidly rising [46]. The lacto-
vegetarian food habits of our women are similar to ~40% of
Indian households and ~10% of the world population [47].
Although vitamin B;, was measured in stored frozen
samples, it is stable during long-term storage [48]. In the
absence of accepted guidelines for interpreting vitamin B,
status in pregnancy [49], we cannot define the true extent of
vitamin B, deficiency, but high levels of MMA and tHcy
suggested its presence in a majority of the women in our
study [17]. Associations with folate and vitamin B,
concentrations but not with tHcy and MMA could be due
to dependence of the latter two on non-nutritional factors
that are altered in pregnancy (haemodilution and elevated
glomerular filtration rate), although we did find an
association between high maternal MMA and insulin
resistance in the children in the conditional independence
analysis. A limitation of the study is that it is observational,
and therefore causality cannot be ascertained.

In conclusion, our data raise the important possibility
that high folate intakes in vitamin B,-deficient mothers
could increase the risk of type 2 diabetes in the offspring.
This is the first report in humans to suggest that defects in
one-carbon metabolism might be at the heart of intra-
uterine programming of adult disease. There is a need for
further studies to test our findings and to determine the
correct management of low vitamin B;, concentrations in
Indian mothers.
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