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Introduction

Obesity and noncommunicable diseases (NCDs) like diabetes are epidemic in India.
Developmental origins of health and disease hypothesis, based on epidemiological evi-
dence, associates maternal undernutrition and low birth weight (LBW) of the offspring
with increased obesity and diabetes in their later life. Considering widespread mater-
nal micronutrient (MN) deficiencies, LBW, and NCDs in India, we tested the hypothe-
sis, “maternal MN deficiency per se programs the offspring for obesity and increases
risk for NCDs in their later life” in rodent models. We showed in Wistar rat offspring
that maternal MN (single or combined) deficiency per se: (1) increased body fat (vis-
ceral fat) and altered lipid metabolism, (2) decreased lean body and fat free mass,
and (3) altered muscle function and altered glucose tolerance/metabolism and insu-
lin sensitivity. Rehabilitation prevented vitamin but not mineral restriction-induced
changes in offspring, which showed partial mitigation. Increased oxidative/steroid
stress, decreased antioxidant status, and inflammatory state were the associated
common mechanisms in the offspring. Our attempts to assess the role of epigenetics
showed that folate and/or vitamin B12 deficiencies altered mother’s body composition
besides that of the offspring. Additionally, in C57BL/6 mice, B12 deficiency-induced
anxiety was observed in mothers and offspring. That expressions of histone modifying
enzymes in mice brain and promoter methylation of adiponectin, leptin, and 11BHSD1
genes in rat offspring were altered in MN (B12 and Mq) deficiency suggested that
altered epigenetics most likely plays a role in maternal MN deficiency-induced changes
in body fat/lipid metabolism and anxiety-like behavior in mothers and offspring.

the global overweight children live in Asia.? Also, there has
been a worsening of adult obesity globally.

The major paradoxical factor for undernutrition, overweight,
and obesity is the poor dietary intake of healthy foods and
improper food habits. According to United Nations (UN) Food
and Agriculture Organization, the number of undernour-
ished people worldwide increased from 777 million in 2015
to 815 million in 2016, and most live in developing coun-
tries,! where the number of stunted children indeed declined
by 9% between 2012 and 2017. It is also reported that 46% of
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Micronutrient (MN; vitamins and minerals) deficiency,
whose symptoms are sparsely visible, is called “hidden hun-
ger” and a large portion of global population suffer from
it.2 Inadequate consumption of macro- and micronutrients
impedes fetal development and badly affects infants’ and
children’s growth. Alternately, his/her mother’s malnutri-
tion during pregnancy and lactation, through a phenome-
non called the developmental origins of health and disease
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(DOHaD), increases body fat, especially visceral adiposity (i.e.,
storage fat) in his/her childhood. Indeed, obesity and associ-
ated noncommunicable diseases (NCDs) constitute a leading
cause of death worldwide, with increasing prevalence among
children and adults.

Maternal undernutrition, the greatest risk factor for low
birth weight (LBW) offspring, is proposed to result in the
development of NCDs in their middle age. More alarming than
type-2 diabetes mellitus, is the prevalence among Indians
of other NCDs: hypertension (~30% of adults), heart attacks
and most cardio vascular diseases (CVDs: 7-14%), polycys-
tic ovary syndrome (PCOS: 2.2-26% of adolescent girls and
reproductive age group women), osteoarthritis (22-39%),
osteoporosis at age >50 years (7-50%), and chronic kidney
disease (stage 23: 4-6%). This not only indicates the intensity
of the problem but also stresses the need for immediate cor-
rective action. Indeed, according to National Family Health
Survey-4 (NFHS4) data, NCDs are estimated to account for
53% of all deaths in India,® and they are among the most seri-
ous public health problems of the 21st century.

In India, more than 165 million are obese and preva-
lence of obesity is higher among women than men. NFHS4
reported that in India, prevalence of obesity is more in high
socioeconomic states like Andhra Pradesh, Punjab, Delhi,
Telangana, and north eastern states compared with Bihar,
Madhya Pradesh, Chhattisgarh, and Jharkhand, the low
socioeconomic states.* India was the global diabetes capital
about a decade ago® and with approximately 18% of Indian
adults being type-2 diabetes mellitus (T2DM) at present,’ we
are soon expected to regain this dubious distinction. Over-
weight and obese individuals have three times greater risk to
develop NCDs including metabolic syndrome, which features
T2DM, CVDs and high blood pressure. Obesity can also lead
to cancer, gallbladder disease, gallstones, osteoarthritis, gout,
breathing problems, such as sleep apnea and asthma. The
higher prevalence of obesity and overweight among Indians
and its continuing increase are indeed of grave concern for
India.

Interestingly, rates of obesity increase rapidly where MN
deficiencies are more prevalent.” Epidemiological studies
show that deficient levels of some MNs are associated with
increased body fat deposition.® From a mechanistic view
point, lower blood levels of vitamins and minerals increase
adipogenesis leading to adipocyte dysfunction, which
impairs glucose metabolism and insulin secretion further,
resulting in impaired glucose tolerance, insulin resistance
(IR), and T2DM.

UNICEF reported that approximately 16% of babies are
born with low birth weight (<2.5 kg) globally and South
Asia has the highest LBW incidence. India ranks third in
having the highest percentage of LBW newborns.? Accord-
ing to the death statistics report between 2010 and 2013
by census office, India, 48.1% of infant mortality (before
completing postnatal 29 days) is due to LBW and prema-
ture births.'® Undernutrition is widespread among Indian
women (nonpregnant, nonlactating, and also pregnant
and lactating mothers). Abundant epidemiological evi-
dence reports that Indian LBW babies are of the thin fat
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(thrifty) phenotype, perhaps as a consequence of DOHaD,
due to maternal undernutrition during critical windows of
development.'" While robust international data indicates
LBW children to be at the greatest risk for adiposity, IR
and associated NCDs in later lives, recent Indian data have
demonstrated IR among LBW children around 8 to 12 years
of age.!?

More overweight/obese the persons are, more likely they
are insulin resistant and at increased CVD risk. However, sub-
stantial numbers of overweight/obese individuals remain
insulin sensitive and not all insulin resistant persons are
obese. It has been apparent for many years that overweight/
obese individuals tend to be insulin resistant and become
more insulin sensitive with weight loss. Compelling evidence
indicates that CVD risk factors are present to a significantly
greater extent in the subset of overweight/obese individ-
uals that is also insulin resistant. As a corollary to this, an
improvement in CVD risk with weight loss has been shown to
a significantly greater extent, especially in those overweight/
obese individuals who are insulin resistant at baseline. In
view of these observations, it appears reasonable to suggest
that IR, a multifaceted syndrome is the link between over-
weight/obesity and adverse clinical syndromes related to
excess adiposity.”

According to recent reports, India has the second highest
number (14.4 million) of obese children in the world.™ It is
estimated that 5.74 to 8.82% of Indian school children are
obese. Alarmingly, 21.4% boys and 18.5% girls aged between
13 and 18, are either overweight or obese in urban south
India." Curiously, overweight and obesity rates are increasing
in children and adolescents not just of high socioeconomic
groups but also in low income groups, in whom underweight
still remains a major concern. Indeed, overweight and obese
children are likely to stay obese into adulthood and child-
hood obesity greatly increases the risk of developing diabe-
tes in young adulthood and CVDs in later life. Obesity also
adversely affects hormonal development of the child. For
example, girls develop puberty and menarche earlier, with
irregularities in menstrual cycles (e.g., polycystic ovary dis-
ease) and also develop facial hair. Boys, on the other hand,
show impaired development of external genitalia and tend to
have an enlargement of their “breast” region.

Given this background, continued high prevalence of
LBW and thin fat Indian babies (most likely due to maternal
undernutrition and the consequent programming for high
body fat and IR in offspring), taken together with reports of
increasing prevalence of childhood adiposity and IR among
8- to 12-year-old Indian children and the highest NCD risk of
such offspring in later life, the situation is alarming indeed.
Of the various in utero factors that influence diseases in adult
life, maternal undernutrition is very important. By modulating
the nutrients available for transfer to fetus, maternal nutri-
tion affects fetal growth, development, and its glucose/insulin
metabolism irreversibly. Further, its effects vary, if it occurs
during different windows of early development. However, stud-
ies so far, have demonstrated the role of macronutrients, for
example, carbohydrates, proteins, and fats'®'® but not those of
MNs, in the DOHaD.
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MN are important determinants of organism’s structure
and metabolism." Their deficiencies, common among pop-
ulations of developing countries, have important public
health implications that need immediate attention.?’ How-
ever, information is scanty on the role if any of widespread
maternal MN deficiencies in India, in the high prevalence of
obesity and NCDs among Indians. It looks reasonable that
fetal programming due to rampant MN undernutrition in
pregnant Indian women could underlie or be associated with
high prevalence among Indians of overweight, obesity, and
associated NCDs.

Several studies indicate that some vitamins and minerals
influence insulin at different levels.?! Moreover, MN defi-
ciencies have persistent effects on many fetal tissues and
organs,?? although no clinical signs of deficiency are seen in
the mother.?® Also, consequences of MN imbalance during
fetal/perinatal development may not manifest at the time
of nutritional insult but appear later during development.?®
Multiple MN deficiencies during pregnancy and/or lactation
that are common in developing world are associated with
LBW and increased perinatal mortality and morbidity.?*

Considering the difficulties in conducting mechanistic
studies in human patients, we have performed studies
in appropriate experimental animal models to validate/
negate the hypothesis, “maternal MN deficiencies per se
program the offspring for higher body fat/altered body
composition and changes in macronutrient metabolism,
which increase their risk for obesity and associated NCDs
in their later lives.”

This review highlights evidence from our studies in exper-
imental animal models that maternal MN imbalances prena-
tal, in utero and early postnatal, modulate body composition,
behavior, and macronutrient metabolism in offspring that could
contribute significantly to the obesity and IR epidemic in India.

Our Studies in Rat and Mice Models

In view of shorter life span of laboratory animals and since
genetic and environmental influences can be controlled
in them, substantial efforts have been put on establish-
ing animal models for developmental programming that
are relevant to human situation.?> Our initial studies in
the albino, Wistar/National Institute of Nutrition (WNIN)
rat models showed that chronic 50% restriction of all MNs
from mothers’ diet through their phases of growth, ges-
tation, and lactation had no significant effects per se in
mothers nor on the offspring’s birth weight.2®?” However,
offspring born to vitamin (but not mineral) restricted
mothers had lower body weight at weaning but not later.
Interestingly, maternal vitamin and mineral restrictions
both increased the offspring’s body fat percentage (spe-
cially visceral fat) and decreased the percentage of lean
body mass (LBM) and fat-free mass (FFM) but did not affect
the offspring’s glucose tolerance or insulin sensitivity up
to 6 months of their age.?®?’ Despite their similar effects
on the offspring’s body composition, maternal vitamin
but not mineral restriction-induced changes in the off-
spring were preventable by rehabilitating mothers from
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parturition but not weaning,?¢?’ indicating the importance
of maternal MN status during pregnancy and lactation. It
was therefore of interest to delineate the mineral(s) whose
restriction in the mother showed effects in the offspring.

Iron and folate deficiency are widespread among Indian
women. Around 20% of Indian babies are born with LBW
despite the mandatory iron and folate supplementation to
all pregnant Indian mothers.?® Minerals like Mg and Zn are
deficient among Indian women? and Mg, Zn, Mn, and Cr
modulate insulin,® the sole anabolic hormone that regu-
lates macronutrient metabolism and is vital for fetal growth.
Therefore, we assessed next, the effect of maternal dietary
restriction of these minerals singly as per the study protocol
presented in =Fig. 1. The diet was restricted in the individual
mineral by not adding its salt in the mineral mixture that was
mixed with the diet. We observed no significant effects in
mothers (body composition, reproductive performance, and
offspring’s birth weight), except that maternal Zn restriction
decreased offspring’s body weight at birth and later. Nev-
ertheless, maternal dietary restriction of all four minerals
affected the offspring’s body composition (increased body fat
percentage, especially visceral adiposity and decreased the
percentage of LBM and FFM),*'-*° similar to those seen in off-
spring of rat dams on 50% restriction of all minerals.?”

Adipogenesis that begins in utero and accelerates neo-
natally, is considered a prime candidate for developmen-
tal programming. Robust literature suggests that changes
in body adiposity and lipid metabolism are the earliest to
occur, much before tissue IR manifests.**#' In fact, IR is
hypothesized to originate in impaired adipogenesis and/or
fat metabolism.*>** In line with these reports, chronic 50%
restriction of all vitamins/minerals?®?’ or restriction of Mg,
Mn, Cr, and Zn singly from the mothers’ diet, significantly
increased body fat percentage, visceral adiposity, and plasma
triglycerides in offspring, albeit the earliest time point at
which these changes manifest was different among different
MN restrictions.?23>36

Normally, body fat percentage increases to compen-
sate a decrease in the mass of muscle, another insulin
sensitive tissue which is most important in postprandial
glucose clearance.* In line, we observed that 50% restric-
tion of all vitamins/minerals or restriction of individ-
ual trace elements from mothers’ diet during maternity
persistently decreased the percentage of LBM and FFM
(representing muscle and bone) in offspring. Taken along
with our observation that despite significant increase in
body fat percentage and visceral adiposity, the offspring
born to MN restricted rat dams had no change in their tis-
sue-associated fat percentage (TAF%),*%*7 seems to indicate
that decreased LBM and FFM percentage in them could
indeed be due to decreased muscle mass per se. Interest-
ingly further, our observations that expression of myo-
genic genes/transcription factors Pax3, MyoD, Myf5, and
MyoG was decreased in chromium restricted (CrR) off-
spring® not only corroborate the above inference but also
indicate that decreased myogenesis and muscle develop-
ment could be underlying the decrease in their percentage
of LBM and FFM.
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Control diet
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Fig. 1 Study protocol to assess the effects of maternal micronutrient restriction in Wistar rats and their offspring. MNC, micronutrient control
diet; MNR, micronutrient restricted; MNRC, micronutrient rehabilitation from conception; MNRD, micronutrient restricted diet; MNRP, micro-
nutrient rehabilitation from parturition; MNRW, micronutrient rehabilitation from weaning; WNIN, Wistar NIN.

It is known that skeletal muscle fibers are formed pre-
natally and the total number of fibers and/or relative pro-
portions of different fiber types are determined mostly
during fetal and early postnatal development. In line, pre-
conceptional nutrient restriction (~50%) has been shown
to decrease the total myofiber number in the fetal sem-
itendinosus muscle.*> Also, 50% maternal undernutrition
has been shown earlier to decrease total myofiber number
and increase the fast myosin type-IIb isoform in the lon-
gissimus dorsi of sheep offspring, while it decreases the
proportion of fast-twitch myofibers in the vastus lateralis
of 14-day-old sheep.*>“¢ Since muscle is the major site of
postprandial glucose disposal, it is reasonable that changes
in muscle mass, fiber type, growth patterns, and functional
characteristics of muscle fibers during perinatal period are
important in programming the offspring for IR and T2D.
Taken together, it is evident from our observations that
maternal MN restriction during growth, pregnancy, and/
or lactation-induced changes in the offspring’s body com-
position which suggest their predisposal to IR and asso-
ciated NCDs in later life.>® Our finding that rehabilitation
from as early as parturition could reverse changes only in
gene expression but not the phenotype of the offspring
(except in Mg and Zn restrictions) further reiterates the
importance of maternal MN status in determining the off-
spring’s body composition and their predisposal to adult
onset NCDs.*?

Effects of Maternal MN Restriction on
Adipose and Muscle Functions in Offspring

Adipose tissue is not just a store of excess energy but is a major
endocrine organ, secreting a wide range of protein factors and
signals called adipokines, besides fatty acids and other lipid
moieties.*” Adipokines modulate adipose tissue function, lipid
metabolism, and also insulin sensitivity/resistance. Therefore,
we assessed next in the offspring, effects if any, of maternal MN
restriction on adipose tissue function (besides those on weight
and distribution), by determining changes in plasma lipid pro-
file and levels of adipokines (associated with high body fat) in
plasma and adipose tissue. We observed dyslipidemia in micro-
nutrient restricted (MNR) offspring as evident from altered
plasma lipid profile** and in line with earlier reports, they had
high plasma leptin levels which corroborated their high body
fat percentage. However, hypoleptinemia seen in 50% mineral
restriction (MR) and magnesium restriction (MgR) offspring,?’=
despite their high body fat percentage, is at variance with ear-
lier reports showing a positive relation between them. Nev-
ertheless, the observed hypoleptinemia is in agreement with
leptin deficiency reported earlier in genetically obese rodent
models and in types 1 and 2 DM patients. Thus, further studies
are warranted to delineate the role if any, of hypoleptinemia
in maternal MR-induced high body fat percentage in offspring.
However, vitamin restriction (VR) and MR offspring had lower
plasma adiponectin levels suggesting their probable IR status
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Table 1 Effects of maternal MN restriction in Wistar rat offspring

Kalle et al.

Maternal MN Body Effects on adipose and lipid | Effects on muscle, Insulin/ Stress mechanisms
restriction (R) | composition metabolism glucose homeostasis &
(%) Carbohydrate metabolism
50% Mineral R T Fat, | LBM, ! Leptin, ! Adiponectin, L GTT Insulin secretion 1 GSH
LFEM, <TNF-a, TTG, ©TC, «HDL
50% Vitamin R T Fat, | LBM, 1 Leptin, ! Adiponectin, <GTT Insulin secretion T MDA, | GSH, 150D,
LFFM ©TNF-a, TTG,~TC,<HDL T GPx
MgR T Fat, | LBM, | Leptin, ! Adiponectin, T Plasma insulin, { GTT Insulin <MDA, <GSH, «S0D,
LFFM, TAl oTNF-a, ©TC, «HDL, <TG, secretion, | Glucose uptake < GPx, <catalase,
<FFA, T expression of FAS & T 11BHSD1 expression
FATP1
ZnR 1 Fat, | LBM, LTG, L TC, | FFA,©FFA I Plasma insulin, 4 GTT Insulin
L FFM secretion
CrR T Fat, | LBM, 1 plasma Leptin and 1 leptin 1 Plasma glucose, 1T Plasma insulin, T MDA, ! cata-
LFFEM, TAI expression, « PPAR Y & SREBP2 | T GTT Insulin secretion, T Glucose lase 1 SOD, | GPx,
expression, | Adiponectin, uptake, 1 Glucose intolerance, 1 11BHSD1 expression
TPAI, TTNF-a, TTG, T FFA, | expression of myogenesis genes
MyoD, Myf5, MyoG, | expression of
muscle atrophy genes atrogin and
MuRF genes
MnR < Fat, & LBM, oleptin,«IL6, «<ILT B, TTNF-a, | T Plasma glucose, ! Plasma insulin,
<FFM, TAI <TG, ©TC, | HDL 1 GTT Insulin secretion, T Glucose
intolerance, | Glucose uptake
Folate R 1T Fat, | LBM, <Leptin, ! Adiponectin, 1 Plasma glucose, TPlasmainsulin, | <MDA, | catalase,
LFEM, TAI 1 TNF-q, «IL6, <IL1 B, 1 GTT Insulin secretion, T Glucose <GPx, I GSH, T GSSG,
1 TG 1 Fattyacidsynthase, intolerance, < Glucose uptake, 1 Protein carbonyls,
1 Acetyl-CoA-carboxylase 1 PEPCK, <FBPase, T G6Pase, 1 cortisol
LPyK, ©GK
Vitamin B12R 1 Fat, | LBM, ! Leptin, ! Adiponectin, 1 Plasma glucose, T Plasma insulin, T MDA, ! catalase,
LFFEM, TAI TTNF-a, TIL6, LILT B, TTG, 1 GTT Insulin secretion, T Glucose <GPx, I GSH, T GSSG,
1TC, 1 Fattyacidsynthase, intolerance, < Glucose uptake, 1 Protein carbonyls,
1 Acetyl-CoA-carboxylase 1 PEPCK, T FBPase, <G6Pase, 1 cortisol
LPYK, ©GK
Folate R + B12R 1 Fat, | LBM, < Leptin, <Adiponectin, 1 Plasma glucose, TPlasmainsulin, | <MDA, | catalase,
LFEM, TAI <TNF-a, TIL6, LIL1B, <TG, <GTT Insulin secretion, T Glucose T GPx, ©GSH, T GSSG,
1 TC, 1 Fattyacidsynthase, intolerance, < Glucose uptake, <Protein carbonyls,
1 Acetyl-CoA-carboxylase 1 PEPCK, <FBPase, «<G6Pase, 1 cortisol
“PyK, ©GK

Abbreviations: 1, increase; |, decrease; <, no change; 11BHSD1, 11-beta-hydroxysteroidehydrogenase1; Al, adiposity index; CrR, chromium
restriction; FAS, fatty acid synthase; FATP1, fatty acid transport protein 1; FBPase, fructose-1, 6-bisphosphotase; FFA, free-fatty acid; FFM, fat-free
mass; G6Pase, glucose-6-phosphotase; GK, glucokinase; GPx, glutathione peroxidase; GSH, reduced glutathione; GSSG, oxidized glutathione; GTT,
glucose tolerance test; HDL, HDL cholesterol; IL1B, Interleukin 1 B; IL6, Interleukin 6; LBM, Lean body mass; MDA, malondialdehyde; MgR, magnesium
restriction; MN, micronutrient; MnR, manganese restriction; PAI, plasminogen activator inhibitor; PEPCK, phosphoenolpyruvate-carboxykinase; PPAR
Y, peroxisome proliferator activated receptor gamma; PyK, pyruvatekinase; R, restriction; SOD, superoxide-dismutase; SREBP2, sterol reqgulatory
element binding protein 2; TC, total cholesterol; TG, triglycerides; TNF-a, tumor necrosis factor o; ZnR, zinc restriction.

(=Table 1).25?7 Interestingly further, changes in circulating adi-
pokine levels were mitigated only in those offspring rehabili-
tated from birth but not weaning, confirming the importance
of maternal vitamin and mineral nutrition during gestation
and lactation in modulating these changes (=Table 2). On the
other hand, maternal CrR modulated adipose tissue adipokine
levels (adiponectin, leptin, and tumor necrosis factor [TNF]-a)
only in male but not female offspring, while circulating adipo-
kine levels were influenced variably in offspring of both gen-
ders.>4% Also, rehabilitation affected different adipokine levels
variably among male and female offspring. Notwithstanding
that vitamin and mineral restrictions in the mother increased
body fat in offspring, it appears that probable underlying/
associated mechanism(s) leading to adiposity and functional
changes could be different at least to some extent.
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As for the effects of maternal MN restriction on muscle
function in offspring, although fold stimulation of mus-
cle glucose uptake by insulin was unaffected, basal glu-
cose uptake by muscle (diaphragm) was significantly and
irreversibly decreased in MgR offspring, whereas it was
increased in CrR offspring, which could be prevented by
rehabilitation albeit in male offspring.>*” Since, both MgR
and CrR offspring had lower percentage of LBM and FFM
(muscle mass), the present results not only suggest altered
basal capacity of muscle to clear glucose but also their dif-
ferential sensitivity to different maternal MN restrictions,
mitigation by rehabilitation, in addition to the gender dif-
ferences in the effects. On the other hand, maternal Mn
restriction diversely affected basal muscle glucose uptake
in male and female offspring, but decreased the insulin
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Table 2 Effect of rehabilitation on chronic maternal dietary micronutrient restriction induced changes in Wistar rat offspring

Maternal MN restriction (R)

Effect of rehabilitation on chronic maternal dietary restriction induced changes in offspring

50% mineral R

Mineral rehabilitation from parturition or weaning had little effect on birth weight, body composition,
and plasma triglycerides.

50% vitamin R

Rehabilitation from parturition or weaning prevented the changes in body fat percent, lean body mass,
fat-free mass, and oxidative stress.

MgR

Rehabilitation regimes (parturition and weaning) partially/could not corrected the changes in body
composition, but not the changes in glucose metabolism. While changes in FAS and FATP1 were not
correctible by rehabilitation, those in leptin and TNF-a were corrected by rehabilitation from parturition
but not from weaning. 11BHSD1 expression was corrected by both rehabilitation regimes.

ZnR

Rehabilitation regimens (parturition and weaning) corrected the body weights of male but not female
offspring. Rehabilitation from parturition or weaning partly corrected the changes in the percentage of
body fat but had no such effect on other parameters of lipid and carbohydrate metabolisms.

CrR

Rehabilitation regimes (conception, parturition, and weaning) did not correct body adiposity but
restored the circulating levels of lipids and adipocytokines and, in general, corrected the changes albeit
partially in glucose metabolism and stress parameters, Rehabilitation partly corrected myogenic and
atrophic gene expression but had no effect on LBM percentage or FFM percentage or glucose uptake by
muscle.

MnR

Rehabilitation regimes (conception, parturition, and weaning) partially corrected the increase in TNF-a.
Total cholesterol levels were lower in rehabilitation regimes by 18 months of age, while HDL levels were

improved in rehabilitation from parturition.

Vitamin B12R

and weaning.

Altered body composition, lipid profile, adipocytokine levels, increased insulin secretion, impaired
glucose tolerance, altered lipid and carbohydrate metabolism, etc., seen with maternal vitamin B12R
were reversible by B12 rehabilitation from conception but partially by rehabilitation from parturition

Abbreviations: B12R, B12 restriction; CrR, chromium restriction; MgR, magnesium restriction; MN, micronutrient; MnR, manganese restriction; FATP,
fatty acid transport protein; FAS, fatty acid synthesis; FFM, free-fat mass; HDL, high density lipoprotein; TNF, tumor necrosis factor; ZnR, zinc restriction.

stimulated glucose uptake in both (unpublished observa-
tions). Interestingly, rehabilitation corrected the changes
variably among the offspring of the two genders. It was
further interesting that MnR offspring fed high fat diet in
later life, had higher basal and insulin stimulated muscle
glucose uptake than those fed normal fat diet or the man-
ganese control diet (MNC) offspring fed high fat diet.® It
appears from these observations that maternal MN restric-
tion affected muscle mass and function (basal and/or insu-
lin stimulated glucose uptake), in addition to modulating
their susceptibility to high fat feeding and may thus pre-
dispose offspring to develop hyperglycemia in later life
(=Tables 1 and 2). Overall, our results indicate that mater-
nal MN restriction not only affected body composition
(muscle and fat) of the offspring but also the function of
these two important insulin sensitive tissues.

Effects on Macronutrient Metabolism in the
Offspring

Carbohydrate Metabolism

Fifty percent restriction of maternal vitamins or minerals per
se or their postnatal continuation did not affect fasting plasma
glucose and insulin levels in offspring till 6 months of age.?6?”
Although in 6 months, old MgR offspring, fasting plasma insu-
lin, and homeostasis model assessment of insulin resistance
(HOMA-IR) index were significantly higher*! their insulin
secretion to a glucose challenge (area under curve of insulin
[AUC insulin] during the oral glucose tolerance test [OGTT])
was significantly lower and irreversible*!*? by rehabilitation.
In zinc restriction (ZnR) offspring, all these parameters were
decreased almost irreversibly.*>*> On the other hand, maternal

Cr restriction raised fasting plasma glucose, insulin, HOMA IR,
and also AUC of glucose and insulin during OGTT,*® albeit the
effects were seen late in their life and some of them were indeed
of transient nature’4*® Interestingly, rehabilitation mitigated
these changes only partly. In line with consistent fasting hyper-
glycemia, moderate increase was seen in phosphoenolpyruvate
carboxykinase (PEPCK) expression in liver, suggesting increased
gluconeogenesis (unpublished results). Maternal Mn restriction,
however, induced consistent, fasting hyperglycemia along with
hypoinsulinemia in the offspring.*® Interestingly, maternal Mn
restriction increased the offspring’s susceptibility to impaired
glucose metabolism, especially when fed high fat diet in later
life, as indicated by the increase in AUCs of glucose and insu-
lin during OGTT.*® In general rehabilitation, alleviated changes
due to maternal Mn restriction, while those due to maternal Mg
and Cr restrictions were irreversible or partly reversible at the
best. These findings (except in CrR) are in agreement with ear-
lier literature showing decrease in glucose-stimulated insulin
secretion in the offspring of protein deficient mothers, which
was proposed to be due to B-cell exhaustion or a decrease in
f-cell numbers/mass similar to that in T2DM.* It thus appears
that maternal MN restriction and its postnatal continuation
modulated insulin secreting capacity of the offspring under
fasting and fed states, which in turn influenced glucose uptake
and metabolism.

Lipid Metabolism

Hormones that affect glucose/lipid metabolism modulate
the activities of enzymes and proteins involved in adipogen-
esis/lipid transport, for example, fatty acid synthase (FAS)
and fatty acid transport proteins (FATPs)*°? and obesity is
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reported to affect FAS and FATP1 expressions variably. That
FAS and FATP1 expressions were higher in liver and adipose
tissue of MgR offspring at 6 and 18 months of age,* sug-
gests that increased fatty acid synthesis and transport may
underlie the increased body fat in MN restricted offspring.
However, comparable levels of plasma total cholesterol,
high density lipoprotein (HDL) cholesterol, free-fatty acids,
and triglycerides (TGs) among control and MgR offspring
at 18 months of age and no effect of rehabilitation, do not
appear to corroborate the increased FAS and FATP1 expres-
sion in MgR offspring.?? Interestingly, plasma lipid profile
was comparable among groups of male CrR offspring, while
CrR female offspring had higher plasma TGs and free-fatty
acids than controls and Cr rehabilitation modulated these
changes.** While changes in plasma lipid profile were incon-
sistent in ZnR offspring,** MnR offspring (both genders) had
high-plasma total cholesterol but varied HDL cholesterol
levels.*8 Interestingly, maternal Mn restriction increased cir-
culating TGs and free-fatty acids in offspring chronically fed
high-fat diet later in life compared with those fed normal
fat diet or MNC offspring fed high-fat diet.® Thus, it is evi-
dent from the results that maternal MN restriction not only
affected the adipose tissue content and functions but also
altered lipid metabolism.

Considered with available literature, our observations
indicate that diverse nutritional insults in mothers (macro-
or micronutrient restrictions) cause similar phenotypic char-
acteristics in the offspring at least with respect to their body
composition and insulin secretion. While programming for
obesity is undoubtedly a multifactorial process, the diversity
of maternal nutrient deficiencies which increase adiposity
in offspring appear to suggest some common mechanisms/
pathways underlying/associated with these effects. Appar-
ently, any common mechanism for developmental program-
ming of an obese/insulin resistant adult phenotype must
explain how early environmental stress (maternal deficiency
of diverse nutrients) can set in motion persistent biochemi-
cal and molecular changes which cause pervasive, damaging
effects in their later life.

Deducing the Role of Stress, Epigenetics, and
1-Carbon Metabolism

Literature search indicates stress (oxidative/steroid), an
inflammatory status, changes in taurine metabolism and
epigenetics to be some common mechanisms associated
with developmental programming of offspring to obesity and
adult onset diseases, especially due to maternal malnutrition
during pregnancy and/or lactation.>**’

Epigenetics, a mechanism proposed to underlie devel-
opmental programming involves the following: (1) meth-
ylation/demethylation of CpG islands in promoter regions
of target genes which suppress/activate gene expression
respectively; (2) methylation/deacetylation and demeth-
ylation/acetylation of histones, which activate or sup-
press the associated gene expression, respectively; and
(3) micro-RNAs which modulate the expression of spe-
cific genes.>>% Indeed, modulation of gene expression is
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dependent on interaction/balance among the above three
constituent mechanisms. Interestingly, constituents 1 and
2, which form an important portion of epigenetic mech-
anisms, require a methyl donor (e.g., S-adenosyl methi-
onine [SAM]), which is supplied chiefly by the 1-carbon
metabolic pathway>® and folic acid, vitamin B6 and B12
are the important MNs that regulate this pathway. Indeed,
robust literature indicates that deficiency of any of these
MNs modulates 1-carbon metabolic pathway (i.e., SAM
availability) and, in turn, the epigenetic regulation of gene
expression.>®

Folate and vitamin B12 deficiencies are common in Indi-
ans, especially among women of reproductive age group,
pregnant, and lactating mothers.>*%® All pregnant Indian
women receive the mandatory iron and folate supplements
regardless of their deficient vitamin B12 status and recent
observations suggest the greater importance of the ratio
of folate and vitamin B12 than their actual levels per se.®!
It was hence considered essential to assess whether or not
maternal deficiency of folate and/or B12 (the two MNs that
regulate SAM availability directly, by modulating 1-carbon
metabolic pathway) alter the body composition (body fat/
visceral adiposity) and LBM/FFM of the offspring and, if so,
evaluate whether changes in epigenetic mechanisms under-
lie/are associated with these changes in offspring. Therefore,
we evaluated in a Wistar rat model, whether or not dietary
folate and/or vitamin B12 deficiency affect the body compo-
sition and reproductive performance of mothers, as also the
effects of maternal folate and/or vitamin B12 deficiencies on
body composition, development, and function of adipose/
muscle in the offspring. We also determined the modula-
tion if any, of the 1-carbon pathway/production of SAM in
mother/offspring, which is essential for epigenetic regulation
of gene expression changes associated with offspring’s body
composition.5%6¢

Unlike the other MN deficiencies studied earlier, it was
interesting that dietary folate and/or B12 restriction per se
increased body weight, body fat (visceral adiposity), and
altered lipid profile in female Wistar rats (mothers) before
mating, albeit the differences were significant with only
B12 restriction.5? Also, only the offspring born to vitamin
B12-restricted dams had LBW, while those of folate and/
or vitamin B12 restricted dams weighed higher at/from
weaning.®? Indeed, the offspring had higher body fat (espe-
cially visceral fat) from 3 months and were dyslipidemic
at 12 months, at which time they had high levels of tumor
necrosis factor «, leptin and interleukin 6; and low levels
of adiponectin and interleukin 1 in circulation and also
in adipose tissue.®* All vitamin-restricted offspring had
higher activities of hepatic fatty acid synthase and acetyl-
CoA-carboxylase and higher plasma cortisol levels.®> On
the other hand, three enzymes in the B-oxidation pathway,
hydroxyacyl-coenzyme A dehydrogenase, medium-chain
specific acyl-CoA dehydrogenase, and 3-ketoacyl-CoA
thiolase were down regulated in pups born to vita-
min B12 deficient mothers (=Table 1). Interestingly an
age-dependent differential expression of peroxisome pro-
liferator activated-receptors (PPAR) o and Y was observed
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in B12 deficient pups.®® Indeed, enriched/differential
expression of 27 proteins involved in pathways that reg-
ulate amino acid, lipid, and carbohydrate metabolism was
observed, and this was restored to control levels after B12
rehabilitation of restricted mothers from parturition.5>6¢
In conclusion, maternal and peri- or postnatal folate and/
or vitamin B12 restriction increased visceral adiposity
(perhaps due to increased corticosteroid stress), altered
lipid metabolism in rat offspring probably by modulating
adipocyte function resulting in inflammatory status.

Although dietary vitamin B12 restriction increased the
mother’s body weight and fat, it decreased LBM percentage
and FFM percentage but not the percentage of tissue asso-
ciated fat (TAF)®? indicating that the increase was only in
the storage form (visceral) but not functional fat. Similarly,
maternal B12R also decreased LBM percentage and FFM
percentage in only male offspring, but their TAF%, basal,
and insulin stimulated muscle glucose uptake were unaf-
fected. Nevertheless, at 12 months of age, B12R offspring
had significantly higher fasting plasma glucose, insulin,
HOMA-IR and also impaired glucose tolerance.® In line,
hepatic gluconeogenisis was high in them as evident from
increased expression of gluconeogenic enzymes PEPCK,
fructose-1, 6-bisphosphatase, and pyruvate kinase.®* Unlike
maternal mineral restrictions which altered body composi-
tion in offspring of both genders,*>3¢ folate and/or vitamin
B12 restriction altered body composition in only male but
not female offspring.5? That changes in body composition,
glucose, and lipid metabolism in offspring were prevented
by rehabilitation from conception,® whereas rehabilitation
from parturition and weaning corrected them only par-
tially,%® not only indicate their causal relationship but also
highlight the importance of vitamin B12 during pregnancy
and lactation with particular reference to growth, muscle
development, glucose tolerance, and metabolism in the
offspring (=Table 2). Interestingly, altered body composi-
tion was intergenerationally transferred from F1 offspring
to F2; however, the effects were seen in only male offspring
but not in females suggesting the probable gender differ-
ences in the effects of maternal vitamin B12 and/or folate
restriction in the offspring (unpublished data).

Maternal folate and/or vitamin B12 restrictions not only
induced similar changes in body composition, carbohydrate,
and lipid metabolism in the offspring as did maternal sin-
gle-mineral restriction or 50% restriction of all vitamins and
minerals from the mother’s diet but were also associated
with altered expression of relevant genes that could be miti-
gated by folate and/or vitamin B12 rehabilitation.®® Therefore,
it appears that modulation of epigenetics and other common
mechanisms could underlie/be associated with the maternal
MN (folate and/or vitamin B12) restriction-induced pheno-
typic changes in the offspring.>6¢

Mouse genome is closer to human genome and is rich
in CpG islands®” that undergo methylation/demethylation
affecting gene expression and hence mouse is considered
a model better suited to assess epigenetic changes. There-
fore, studies were conducted in C57BL/6 mice to decipher
the underlying/associated epigenetic changes if any.

Kalle et al.

In partial agreement with our findings in Wistar rat mod-
els, we observed that severe but not moderate vitamin B12
deficiency impaired lipid profile, induced adiposity, and
caused adverse gestational outcome in mothers.® On the
other hand, both severe and moderate maternal vitamin B12
deficiencies caused negligent care of their pups and anxiety
in them in addition to the effects on the body composition
(increased visceral adiposity), dyslipidemia, fasting hypergly-
cemia, and insulin resistance in the offspring,5 besides catch
up growth and most of these changes commenced early in
the offspring’s life. However, only severe vitamin B12 defi-
ciency-induced anhedonia/depression in mothers and was
associated with the thinning of interneuronal connections
in prefrontal cortex and hippocampus.”® Offspring of both
severe and moderately B12 deficient dams also showed pro-
nounced anxiety behavior whereas offspring of severely B12
deficient dams developed depression (=Fig. 2).”° Rehabilita-
tion from parturition but not weaning was beneficial albeit
in only delaying the onset of deleterious effects in offspring
whereas rehabilitation from parturition and weaning could
both prevent onset of depression but not anxiety in the
offspring.”®

That alterations in epigenetic mechanisms may be asso-
ciated with changes in body composition’' and macronutri-
ent metabolism in offspring is evident from the methylated
DNA immunoprecipitation (MeDIP) sequencing of liver in
control and B12 restricted rat offspring. A total of 214 hyper-
methylated and 142 hypomethylated sites were observed in
the 10 kb region upstream of transcription start site (TSS),
which is enriched in genes involved in fatty acid metabolism
and mitochondrial transport/metabolism.% Interestingly,
behavioral changes in severely B12 deficient female mice
were associated with epigenetic changes as evident from the
overexpression of both writer (histone-methyl-transferase,
SUV420H1) and eraser (histone deacetylase, HDAC4) classes
of histone modifying enzymes.” Thus vitamin B12 restriction
appears to alter promoter DNA methylation and/or modulate
histone modifying enzyme expression, which in turn regu-
late the expression of genes involved in important metabolic
processes influencing the offspring’s phenotype.®%7° That
B12 rehabilitation from conception reversed methylation of
many of these regions to control levels probably suggests
their causal relationship with the metabolic phenotypes.®>%¢
Whether or not similar epigenetic alterations underlie
the behavioral changes seen in the offspring, remain to be
deciphered.

In line with our observations that offspring born to MN
restricted dams had increased stress (oxidative/glucocor-
ticoid) and inflammation (high levels of inflammatory
and/or low levels of anti-inflammatory cytokines in cir-
culation and/or adipose tissue), we observed that chronic
dietary Mg restriction increased inflammation (T leptin,
MCP1, interleukin 1B[IL1f], PAI active, IL6, and TNF-«)
and glucocorticoid stress in pregnant mothers’?’® who
intriguingly had high-adiponectin levels. Indeed changes
in inflammatory status and steroid stress were observed
even in placenta and embryo on gestational day 15 and
in the offspring at 6 months of their age.” Interestingly,
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Fig. 2 Effect on behavior (evaluation of anxiety, panels A, B, C), evaluation of depression/anhedonia (panels D, E, F) and Effect on social interaction behavior
(evaluation of depression panels G, H, I). Values are mean + standard error of mean (SEM) (n = 5-7). Bars with different superscripts (a/b or a/p) are significantly
different from one another at p < 0.05 by one way ANOVA/Bonferroni’s post hoc test. (A) Percentage time spent in central area in open field test; (B) percentage
time spent in closed arms in elevated plus maze test; (C) percentage time spent in dark chamber in light-dark exploration test. (D) Differential intake of water
and sucrose. (E) Total intake of liquid. (F) Sucrose preference (%). (G) Social interaction with unfamiliar female mouse. (H) Social interaction with unfamiliar male
mouse. (I) Percentage immobility time in tail suspension test. ANOVA, analysis of variance.

increased steroid stress and inflammatory status were
associated with appropriate changes in the expression
of 11BHSD1 and 11BHSD2, the enzymes which modulate
the formation of the biologically active steroid (=Fig. 3)
and adiponectin.’?”® Altered adiponectin and 11BHSD1
expression on GD15 appeared to be epigenetically reg-
ulated in pregnant mothers, placenta, and embryo, but
not in the offspring, as indicated by the hypomethyla-
tion of CpG loci in the promoter region of corresponding
genes (unpublished observations). Although expression of
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11BHSD1, leptin, and adiponectin genes was increased in
the adipose tissue of MgR offspring, it was intriguing that
methylation of CpG loci in their gene promoters did not
show corresponding change (unpublished observations).
Considering that epigenetic regulation of gene expression
is the effect of the net balance among different epigenetic
mechanisms (methylation/demethylation of gene promot-
ers and histones, acetylation/deacetylation of histones,
and micro-RNAs), it appears premature to conclude on the
role of epigenetics in these gene expression changes from
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our limited observations on the promoter methylation of
a few genes or the expression of a few histone modifying
enzymes in isolation.

Insulin resistance is often associated with increased oxi-
dative stress and/or decreased antioxidant status.>*>>* Indeed,
IR and oxidative stress have been suggested to be causally
related. In line with such reports suggesting a causal role for
oxidative stress in IR, we observed that VR offspring, despite
having markedly higher activities of antioxidant enzymes,
such as superoxide-dismutase (SOD) and glutathione per-
oxidase (GPx) in liver, had increased oxidative stress,?®
perhaps suggesting that vitamins, the nonenzymatic anti-
oxidants act as the primary line of defense against oxida-
tive stress in the VR offspring. Alternately, they could mean
that the role of antioxidant enzymes in maintaining the VR
animal’s antioxidant status is limited. Increased oxidative
stress and decreased activity of antioxidant enzymes were
also observed in the offspring born to folate and/or vitamin
B12 restricted Wistar rat dams which had high body fat/vis-
ceral adiposity, low LBM, and FFM percentage, IR, impaired
glucose tolerance/metabolism, and changes in lipid profile/
metabolism later in their lives.5-6 Our findings thus appear
to suggest that antioxidant enzyme activities in offspring
were modulated by maternal vitamin restriction, to cope up
with increased oxidative stress.

Chronic maternal mineral or Mg restriction on the other
hand, had no effect on oxidative stress and/or antioxidant
defense (enzymatic and nonenzymatic),> while maternal
CrR increased plasma malondialdehyde (MDA) levels and
decreased hepatic SOD and Gpx activities, which curiously
were mitigated variably by rehabilitation in male and female
offspring.®® Increased oxidative stress was observed even
in the offspring of Zn and Mn restricted rats.>>* It appears
that changes in oxidative stress/antioxidant status may

be associated with maternal mineral restriction-induced
changes in body fat, glucose tolerance, and impaired insulin
response to glucose challenge, in addition to changes in cor-
ticosteroid stress, inflammation, and epigenetic alterations.

Conclusion

In conclusion, our studies in rodent models reported here, have
demonstrated for the first time, to the best of our knowledge,
that maternal MN deficiencies per se program the body com-
position and behavior in the offspring. Modulation of inflam-
mation, oxidative, and/or glucocorticoid stress and epigenetics
in mothers, placentae, and fetuses during gestation appears to
underlie the alterations in relevant gene expression that are
associated with altered body composition and behavior of the
offspring. Although our findings in the rodent models are in
line with the fetal programming for adult diseases hypothesis
of Barker, they appear to differ from the “thin fat” phenotype
suggested by Barker, in that changes in body composition and
macronutrient metabolism were seen in the offspring even
though they had normal birth weight.

That maternal MN restriction-induced changes in the
offspring were most often, not prevented/reversed by reha-
bilitation from as early as conception/parturition appears to
be in disagreement with the preventability/reversibility of
changes by the concept “intervention during the first thou-
sand days of the offspring’s life.” From our observations in
the experimental animal models, it looks essential that we
should ensure optimal MN status of adolescent girls, non-
pregnant, and nonlactating woman and the mothers to be to
enable us prevent the long-term consequences of maternal
MN deficiencies in the next generation, for example, prev-
alence of overweight, obesity, and associated NCDs, such as
T2DM, hypertension, CVDs, etc.
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