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Abstract [t is traditionally believed that genetic suscepti-
bility and adult faulty lifestyle lead to type 2 diabetes, a
chronic non-communicable disease. The *“Developmental
Origins of Health and Disease™ (DOHaD) model proposes
that the susceptibility to type 2 diabetes originates in the
intrauterine life by environmental fetal programming,
further exaggerated by rapid childhood growth, ie a
biphasic nutritional insult. Both fetal under nutrition
(sometimes manifested as low birth weight) and over
nutrition (the baby of a diabetic mother) increase the nsk
of future diabetes. The common characteristic of these two
types of babies is their high adiposity. An imbalance in
nutrition seems to play an important role, and micro-
nutrients seem particularly important. Normal to high
maternal folate status coupled with low vitamin B, status
predicted higher adiposity and insulin resistance in Indian
babies. Thus, 1-C (methyl) metabolism seems to play a key
role in fetal programming. DOHaD represents a paradigm
shift in the model for prevention of the chronic non-
communicable diseases.

Keywords Adiposity - Developmental origins of health
and disease (DOHaD) - Insulin resistance - Intrauterine
programming - Maternal nutrition - Offspring

C. 5. Yajnik (=) - U. 5. Deshmukh

Diabetes Unit, KEM Hospital and Research Centre,
Gth floor, Banoo Covaji Building, Rasta Peth,

Pune 411011 Maharashtra, India

e-mail; diabetesi@vsnl.com

1 Introduction

Diabetes is fast becoming the leading cause of ill health in
the world. Traditionally considered a disease of the affluent
it is now spreading rapidly to the developing couniries
where more than 80% of the world population lives. There
are an estimated 246 million diabetic patients in the world,
of which 165 million are in the developing world [1]. India
has the largest number of diabetic patients in any one
country (~40 million) and is therefore called the world’s
diabetes capital. By the year 2025, there will be over 70
million diabetic patients in India and 59 million in China,
thus one in three diabetic patients will be either Indian or
Chinese [2].

Diabetic patients in developing countries, especially in
India and Asia have a number of distinct characteristics
compared to those in white European panents [3] (Fig. 1).
Indian patients are diagnosed at a relatively younger age
and this age is falling. In addition, they are shorter, thinner
(lower body mass index, BMI), and have a lower lean mass.
Despite their overall thinness Indian patients have a higher
waist-hip ratio (central obesity) and have higher body fat
percent (adiposity). Imaging studies have shown that Indian
diabetic patients have higher central subcutaneous and
intra-abdominal fat compared to European patients at a
given BMI, [4] Thus, Indian diabetic patients are “thin but
fat’. Biochemical and endocrine studies have shown that
Indian patients have higher insulin resistance and higher
prevalence of the metabolic syndrome variables (higher
plasma triglycerides, lower HDL cholesterol, and higher
blood pressure).

The causes of the rapidly rising epidemic of diabetes in
developing countries are not entirely clear. The conven-
tional model suggests a genetic predisposition which is
thought to have originated in the hunter-gatherer days

@ Springer




04

Rev Endocr Metab Disord (2008) 2:203-211

+30%

+ 6%

Age at
diagnosis BMI  Mid arm

WHR SS/TR Fat % Insulin
Reslstance

=4 kg / m? (M)
-6 kg !/ m?(F)

Fig. 1 Comparison of chamcteristics of newly diagnosed Type 2
diabetes patients in India with those in the UK (not drawn to scale).
Bars above the ling indicate higher levels in Indian patients. Insulin
resistance was calculated from the homeostatic model assessment
(HOMA) model. Abbreviations and labels wsed: mid-arm mid-arm
circumference; 5578 sub-capsular-triceps skin-fold ratio; WHE waist-
hip ratio; M males; F females [5]

(*thrifty gene') and modern day lifestyle factors (abundant
food and physical inactivity) which bring on the disease [5]
(Fig. 2). Until recently there were few genetic markers for
type 2 diabetes, though in last two years more than 10
markers have been associated in the Genome Wide
Association Studies in Europeans [6]. It is not yet clear if
highly susceptible ethnic groups like south Asians have a
stronger ‘genetic” predisposition, or the susceptibility genes
are unusually affected by environmental factors.

In 1991 Hales and Barker reported in the UK, that low
birth weight and thinness at birth (low ponderal index) are
risk factors for type 2 diabetes (‘thrifty phenotype™ [7, 8].
This focused attention on the importance of intrauterine life
as a determinant of later health.

The association was confirmed in many other popula-
tions including different ethnic groups in the USA, in the
Chinese, Afro Caribbean, in South Africa and in some but
not all studies in India. In Pima Indians the relationship is U
shaped, the contribution of large birth weight presumably
reflecting the effects of matemal diabetes [9]. A study in
south India showed that the risk of diabetes was not related
to birth weight but to shorter length and higher ponderal
index [10]. These studies have confirmed that size at birth
is an important predictor of future diabetes. A number of
terms like ‘fetal origins of adult disease’ (FOAD), *small
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Fig. 2 The conventional model of orgin of type 2 diabetes, The
current diabetes prevention trials are based on this model
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baby syndrome’ were used in addition to the ‘thrifty
phenotype’ to describe these new findings.

The link berween intrauterine exposures and type 2
diabetes has been explained by the concept of fetal
‘programming” [11, 12]. A developing system (embryo
and fets) is plastic i.e. capable of taking any of the many
diverse routes and forms, but the intrauterine environment
‘programs’ it along certain pathways which help the fetus
survive and develop. This affects structure and function,
sometimes reflected in altered growth, body composition
(adiposity), beta cell function, tissue response to hormones,
and vascular reactivity. *Programming’ restricts the options
for the fetus; if the environment in later life does not match
the programming environment, the capabilities of the
system are exceeded, and result in *disease’. The ‘program-
ming® stimuli are only beginning to be understood:
nutritional factors, metabolic and hormonal milieu, infec-
tions and inflammation all seem to contribute [13]. Given
the orchestrated nature of embryonic development there are
‘windows of opportunity’ for programming of different
systems and functions and it is possible that there is some
‘specificity’ for certain exposures.

We began our research on ‘fetal origins® in 1991 in
collaboration with Prof David Barker and Caroline Fall. The
first study was the Pune Children’s Study (PCS) in the King
Edward Memorial Hospital where birth weights were
available from the labour-room record. We followed up over
400 children at 4 years of age to study their anthropometry,
glucose tolerance and eirculating insulin concentrations. We
demonstrated that after oral glucose load 30 min plasma
glucose and insulin concentrations were inversely related to
birth weight (Fig. 3) [14]. This provided the first proof for
Barker's hypothesis in a developing country.

We followed up these children at 8 years of age to study
their metabolic characteristics. In addition to confirming the
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Fig. 3 Plasma glucose and insulin concentrations after oral glucose
load in 4 years old Indian children. Significance of the trend is
corrected for age, gender and current body weight. The results show
that low birth weight is associated with higher glucose and insulin
concentrations [14]
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Fig. 4 Mean levels of insulin resistance variable (HOMA), at 8 vears
of age by tertiles of birth weight and &-vear weight. Significance level
for the trend in each row and column (adjusted for age and sex) is
shown at the end [15] (ns not significant, *F<0.05, **P<=0.0], ***F<
0.001)

association of low birth weight with increased insulin
resistance, we made an interesting observation [15]. The
levels of risk factors for diabetes and cardiovascular discase
{zlucose, insulin resistance, lipids, blood pressure, leptin
concentrations etc.) were highest in children who were bom
the lightest but were heaviest at 8 years of age (Fig. 4). This
study focused attention on rapid childhood growth as a
powerful risk factor for type 2 diabetes in the developing
countries. We also made one more interesting observation;
children of short parents were more insulin resistant, and
those who had grown taller at 8 years were the most insulin
resistant. This finding provided a proof for intergenerational
influences on metabolic risk, and showed that a discordance
of size not only in one’s life time (birth weight and later
weight) but across generations (parental height and child-
hood height) predicts higher risk. Further support for this
observation was obtained in a study in Delhi where a large
number of children have been followed from birth [16].
They were studied at 28 vears of age. Those who were
diabetic, were bom lighter, had grown slower during

Fig. 5 Mean sex-specific unad- 0.5
justed SD scores for body-mass -
index, according to age, for 0.4

subjects in whom impaired glu-
cose tolerance or diabetes de-
veloped. The mean 5D scores
(zolid lines) are obtained by
linear interpolation of yearly
means, with one additional ob-

infancy but had grown progressively faster from 3 years
of age, and had an earlier adiposity rebound compared to
those who were normal glucose tolerant (Fig. 5).

2 Maternal nutrition and offspring risk

Mutrition is a major determinant of body size both in utero
and later in life. The relationship between size at birth and
later diabetes might be a reflection of nuirition of the fetus.
[17] There are only a few studies which analysed offspring
risk of diabetes in relation to maternal nutrition in
pregnancy. The famous Dutch winter hunger study demon-
strated that in utero exposure of the fetus to famine during
mid and late gestation was associated with a higher plasma
glucose concentration in middle age [18].

2.1 Pune matermal nutrition study

Convinced of the importance of intrauterine and childhood
growth in influencing the risk of type 2 diabetes, we set up
the Pune Maternal Nutrition Study in six villages near Pune
in 1993, We aimed to investigate the influence of maternal
size and her nutrition in pregnancy, on fetal growth and its
future risk of diabetes.

We did a house-to-house survey to enroll all young
(<35 wears) women who were not sterilized (~2,675
women). They were followed up every month to record
their last menstrual date and every 3 months we measured
their detailed anthropometry. Eight hundred and fourteen
became pregnant during the study and 770 delivered a live,
single, normal baby. The mothers were 21 years old,
weighed 42 kg, were 1.52 m tall, with a BMI of 18.1 kg/
m”. They ate ~1,700 kcal/day and 45 g proteins/day during
pregnancy. They were physically very active and worked at
home and in the farms.

servation at & months. The dot-
ted lines represent 95%
confidence intervals, The
dashed portions of lines indicae
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These mothers gave birth to babies 28% of whom were
low birth weight (LBW, <2,500 g). [19] We compared these
babies with those born in Southampton, UK (Fig. 6) and
who were measured using comparable techniques. Indian
babies were lighter (2.7 kg vs. 3.5 kg), shorter (47.3 em vs.
50.2 cm) and thinner (ponderal index 24.1 vs. 27.3 kg/em”)
but the sub-scapular skin-fold measurements were compa-
rable to those of the white babies. Thus, the Indian babies
were short, thin and fat! In a subsequent study we
demonstrated that the cord blood of Indian babies has
higher glucose, insulin and leptin concentrations compared
to those in the white British babies. [20]

2.2 Maternal size and fetal growth

Maternal size was a strong determinant of baby's size, and
in general there was an association between ‘like’ measure-
ments i.e. between length and fat. Short and fat mothers gave
birth to fattest babies, highlighting that a nutritional
transition in mothers’ lifetime reflected in adiposity in the
baby [21]. Maternal macronutrient intake (calories and
proteing) did not predict newbom size. However, the
frequency of intake of green leafy vegetables, fruit and
milk (foods rich in micronutrients) strongly predicted
neonatal size. These results highlighted the importance of
maternal micronutrient intake for fetal growth. We knew
from other studies in Pune that vitamin B, deficiency was
quite prevalent in this population, due to vegetarian food
habits [22]. We therefore measured vitamin B,y (Bj3),
folate, total homocysteine (tHey) and methy] malonic acid
(MMA) in stored maternal blood samples.

We found low circulating concentrations of B, in these
mothers but folate concentrations were normal. A third of

Fig. 6 Comparison of Indian
and UK babies. UK measure-
ments are used as a reference

® i

{0}, The Indian babies were 1.0 7
smaller than the British babies in
all measurements of size. Cord 05 -
plasma leptin concentration was

similar and cord plasma glicose 0
and insulin concentrations were
higher in the Indian babies [5]
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mothers had high tHey concentrations but over 90% had
higher MMA concentrations, suggesting that low B> levels
represented tissue deficiency. High maternal tHey concen-
tration (contributed by low B, status rather than folate
deficiency) predicted intrauterine growth retardation
(TUGR) in the baby. [23] This highlights the importance
of maternal micronutrient nutrition for fetal growth,

We assessed these women’s physical activity by a
structured questionnaire. More than 80% of these women
belonged to farming community and performed heavy
physical work at home and in the farms, This included
fetching water, cooking for the family, looking after cattle
and heavy farm work. There was a strong and inverse
association between maternal physical activity and neonatal
size and heavy work increased the risk of low birth weight
babies [24].

We measured circulating concentrations of glucose and
lipids in the mothers during pregnancy. There were only a
few women with gestational diabetes but maternal plasma
glucose, cholesterol and triglyceride concentrations (within
the normal range) were strong predictors of fetal size,

Our data highlights the importance of maternal pre-
pregnancy size, her food intake and physical activity, and
her metabolic status during pregnancy on fetal growth and
body composition.

2.3 Follow up of the children
2.3.1 Size, body composition and metabofism
Children in the PMNS are measured every 6 months for

their growth and every 6 years we evaluate their risk of
diabetes and cardiovascular disease. The measurements

Neonatal

Cord blood
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include: detailed anthropometry, body compesition (dual-
energy X-ray absorptiometry, DXA), circulating glucose,
insulin, lipids, insulin resistance [homeostatic model assess-
ment of insulin resistance (HOMA-R)]. and many novel risk
factors.

Al 6 years of age, these children were short and thin
(BMI) by intemational standards but relatively adipose
compared with the UK standards (skin-fold thicknesses) i.e.
they continued to be short and thin and fat [25].

In the PMNS we are able to relate maternal character-
istics during pregnancy with offspring development and
body composition during childhood [26]. We found very
interesting associations between maternal nutritional meas-
urements during pregnancy and child's adiposity and
insulin resistance at 6 years of age. Frequency of matemal
intake of green leafy vegetables and milk were associated
with higher adiposity in the child, and higher matemnal
erythrocyte folate concentrations at 28 weeks predicted
higher offspring adiposity. Higher maternal folate concen-
trations also predicted higher HOMA-R in the child. Low
maternal B, concentrations at 18 weeks gestation predicted
higher HOMA-R in the children, and the children of
mothers who had lowest B,; and highest folate concen-
trations were the most insulin resistant (Fig. 7).

Maternal B 5 status was influenced by her dietary habits,
especially intake of non-vegetarian foods and milk, both of
which favorably affected plasma B,; concentrations. Forty
percent of these women were lacto-vegetarian, and they
were at a high risk of low B; status. On the other hand
folate status was uniformly good in these women; there was
only one woman with low folate concentrations. In
addition, all women received iron and folic acid at the first
antenatal visit (18 weeks) as per the National Nutritional
Anemia Prophylaxis Program. In clinical practice obstetri-
cians in India give high doses of folic acid to prevent neural
tube defects, though majority of women visit the antenatal
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Fig. 7 Insulin resistance (HOMA-R) in the children ar 6 years in
relation to maternal vitamin By (18 weeks) and ervthrocyie folate
(28 weeks) [26]

clinic much later than the closure time for the neural tube
(4 weeks from conception). Thus, in this population, both
the natural food habits and iatrogenic practices seem to
predispose these women to an imbalance between B,; and
folate, which predicts higher adiposity and insulin resis-
tance in the offspring. A common nutritional problem may
thus contribute to the epidemic of adiposity and type 2
diabetes in India.

2.3.2 Bone mass

Many epidemiological studies have pointed out an associ-
ation between intrauterine factors and bone mineral density
in the child. Low birth weight is a risk factor for
osteoporosis, and maternal body build, diet, vitamin D
status, smoking, and physical activity have been shown to
influence bone mass in the offspring [27-31]. Supplemen-
tation of pregnant mothers with vitamin D [32], calcium
[33, 34], and other micronutrients [35] is associated with
increased skeletal growth and bone mass in the offspring.
In the PMNS we found that children of mothers who had
a higher frequency of intake of calcium-rich foods dunng
pregnancy (milk, milk products, pulses, non-vegetarian
foods, green leafy vegetables, and fruit) had higher total
and spine bone mineral content and BMD (Fig. &) [36]. In
addition, higher maternal folate status at 28 week gestation
also had similar effect. These effects were independent of
the strong effects of parental size and DXA measurements.

2.3.3 Neurocognitive function

Maternal single nutrient deficiency during pregnancy has
been associated with abnormalities in the developing
nervous system. Vitamin B; is an important nutrient for
development and functioning of the nervous system. [37,
38] In PMNS, we found an association between matemnal
B,; status during pregnancy and the child’s cognitive
functioning (in press). Higher maternal plasma B,; concen-
tration in pregnancy was an independent predictor of the
child’s cognitive performance (aftention and working) at
6 years of ape.

In summary, PMNS results indicate that the intrauterine
environment affects many aspects of the offspring’s health.

3 DOHaD and life-course model

Ower last two decades the concept of ‘intrauterine origins’
has expanded to include post-natal influences on the risk of
subsequent disease. It is now called ‘Developmental
Origins of Health and Disease’. There is an international
council with elected members and regular international
conferences (http://www.mrc.soton.ac.uk/dohad/index.asp).
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The first conference was held in Mumbai in 2001 and the
fifth in Perth in 2007, There is a resource umit in
Southampton, UK.

The current concept of DOHaD is shown in Fig. 9. It is
proposed that maternal characteristics before and during
pregnancy influence fetal survival, growth, size and body
composition, and function of various systems, Some of these
effects are demonstrable at birth. Post-natal growth also
makes important contribution to risk of later disease; rapid
growth contributes to increased risk. These are manifest in
risk factors related to structure (body composition) as well as
function (beta cell function and insulin resistance) which
contribute to disease and preterm mortality.

The concept of DOHaD has revolutionized the ideas in
etiology of chronic non-communicable disease. It has taken
us nearer to designing ‘real” prevention strategies for type 2
diabetes and coronary heart disease. These new ideas are not
yet part of the thinking of general medical profession and the
policy makers. The WHO has endorsed these ideas by
inviting various expert meetings and through its publica-
tions. An expert committee conceptualized the idea in the
now famous ‘life-course’ evolution of the risk of chronic

non-communicable disease [39] (Fig. 10). It proposes that
the risk of these conditions originates in very early life, and
sometimes intergenerationally. The risk progressively
increases during life and the conditions are usually
diagnosed in adult age at an arbitrarily defined cut point.

4 Mechanisms of fetal programming: epigenectics
and geneties

Fetal programming may be achieved through a number of
mechanisms [40]. At the level of an organism it may be
achieved by alterations in body composition (for example
adiposity) or adjustments in set points of regulatory systems
(for example neuro-endocring axes like the insulin-IGF and
the hypothalamic-pituitary-adrenal axis) [41]. At eellular
level, programming affects aspects of cell cycle dynamics
and apoptosis [42] which may reflect in numbers of cells.
At sub-cellular level, telomerase shortening and altered
function of different enzyme systems have been demon-
strated [43]. A comparatively recent development is the
recognition that ‘epigenetic’ changes are an important

Maternal size Fetal Birth size Infant Risk factors
Meta h.u.lm nutrition and | @ nd _» | Morbidity
Nutrition and Body childhood Mortality
Growth composition growth

Fig. 9 Current concept of the Developmental Origins of Health and Disease (DOHaD), The figure shows the influence of carly life factors
{including maternal factors and childhood growth) on the burden of type 2 diabetes and other non-communicable diseases
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Fig. 10 The World Health Organization’s life-course model of non-
communicable disease. The model suggests that non-communicable
discases have their ongins in early life. The nsk progressively
accumulates throughout the life course and the disease becomes
manifest in later life [39]

component of programming. These refer to changes in DNA
other than a change in sequence of bases, and are mitotically
heritable [44]. Silencing of genes through methylation of
cytosine residues in the CpG islands of DNA is one major
mechanism of epigenetic regulation. Acetylation of histones
is another epigenetic mechanism that may alter tertiary
structure of chromatin and expose the underlying genes to
regulatory mechanisms. These mechanisms affect the ex-
pression of genes without affecting their base sequence and
thus same genotype can give rise to different phenotypes.
This is an important mechanism during development and
differentiation, allowing different tissues and organs to
develop from the same original genotype.

The importance of methylation in nutritional program-
ming is well demonstrated in animal models. Feeding
agouti mothers with a methylating cocktail (B ;+folate+
betaine+choline) produced offspring of various coat colors
and degree of obesity, despite inheriting the same mutation
[45, 46]. This was linked to selective methylation in the
promoter region of the gene. A sheep model of periconcep-
tional methionine deficiency (induced by dietary deficiency
of the amino acid and vitamins B> and folate) demonstrat-
ed that the male offspring were adipose and insulin
resistant, and these changes were associated with methyl-
ation of a number of genes [47]. These experiments have
highlighted an important role for 1-C metabolism in
nutritional programming and suggest that this could be
achieved by dietary manipulation of methyl donors like
vitamins B, and folate. The PMNS results linking maternal
vitamin By; and folate nutrition with offspring adiposity
and insulin resistance assume special significance [26].

A role for genetics in DOHaD has been suggested in the
fetal insulin hypothesis. [48, 49] This hypothesis proposes
that genes which increase susceptibility to diabetes also
reduce birth weight by influencing insulin-mediated

growth, i.e. low birth weight and type 2 diabetes are both
phenotypes of the same genotype. The first evidence was
from the rare mutation in glucokinase gene (GCK) that
reduces insulin secretion in [-cells. Baby with GCK mutation
inherited from father was born 500 g lighter if mother was
normal. If the baby inherited GCK mutation from mother its
weight was normal because maternal diabetes negated the
effect of mutation, and 500 g heavier if it did not inherit the
mutation. Other rare genetic syndromes those affect insulin
secretion (transient neonatal diabetes) or function (Lepre-
chaunism) are also associated with low birth weight. Fetal
insulin hypothesis also predicted a low birth weight in
children of diabetic fathers, this was first demonstrated in
Pima Indians [50]. However, a direct relationship between
paternal insulin resistance and offspring birth weight has also
been demonstrated [51]. A number of common polymor-
phisms associated with diabetes have been shown to predict
low birth weight, supporting genetic contribution to low birth
weight and diabetes connection.

Maternal under-nutrition and lower socio-economic
status remain the most substantive causes of low birth
weight worldwide, and animal models of under-nutrition as
well as micronutrient supplementation have confirmed the
role of nutritional fetal programming. It would appear that
gene-environment interactions are at the heart of intrauter-
ine programming.

5 Concluding remarks

The conventional model of type 2 diabetes (Fig. 1) and
other chronic non-communicable diseases (NCDY) include a
genetic susceptibility and precipitation of the disease state
in adult age by affluent lifestyle. The rapidly changing
epidemiology of the disease, including its rapid spread to
the developing populations and its predilection for the
young and the poor suggest that this model might be
inadequate, The developmental origins (DOHaD) model
(Fig. 9) has provided new exciting insights into the etiology
of chronic NCD. It proposes that intrauterine environment
‘programs’ the developing fetus to be fit to face a similar
post-natal environment (‘predictive adaptive response’). If
the post-natal environment is discordant with intrauterine
environment, it leads to disease. Thus babies born small but
growing rapidly in childhood are at a very high risk of
developing diabetes. Matemal nutrition has major effect on
fetal growth and programming, and in populations under-
going rapid transition, early life under-nutrition and later
life over-nutrition make major contribution to the ‘life
course’ evolution of type 2 diabetes and other NCD. The
obvious implication for diabetes prevention is that the
efforts will have to start very early in life and continued
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throughout the life cycle. Improving the health of young
girls will be of paramount importance. Controlling rapid
childhood growth will be a challenge.

Recent research has highlighted the possible role
epigenetics might play in fetal programming. Methyl
donors like By; and folate seem to play a major role in
these phenomena. Maternal low Bj; status along with
normal to high folate status predicted adiposity and insulin
resistance in Indian children. These resulis need to be
confirmed and then acted upon. Maternal micronutrients
also affect other systems in the fetus like brain and bones.

Further research in these areas is likely to provide
exciting new leads in the prevention of many chronic NCD,
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