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nourishment during the suckling period induced several ad-

aptations in the energy circuitry in the hypothalamus of the 

offspring predisposing them for the onset of obesity later in 

life. Another approach for a nutritional modification in the 

immediate postnatal period is the artificial rearing of new-

born rat pups on a high-carbohydrate (HC) milk formula 

without changes in the total calorie availability. Hyperinsu-

linemia, immediately evident in the HC pups, persisted in the 

post-weaning period even after withdrawal of the HC milk. 

Significant alterations in pancreatic islets supported chronic 

hyperinsulinemia in the HC rats. Alterations in the gene ex-

pression of hypothalamic neuropeptides predisposing to 

hyperphagia were evident during the period of the HC di-

etary modification. The persistence of these hypothalamic 

adaptations supported the obese phenotype in adult HC 

rats. A transgenerational effect gave rise to the development 

of chronic hyperinsulinemia and adult-onset obesity in the 

offspring of the HC female rats. Other studies have shown 

that lactation by a diabetic, obese or malnourished mother 

resulted in predisposition for the onset of metabolic disor-

ders in the offspring. These observations from animal stud-

ies on the metabolic programming effects due to altered nu-

tritional experiences in the immediate postnatal life strongly 

suggest that altered feeding practices for infants (formula 

feeding and early introduction of infant foods) could con-

tribute to the rising incidence of overweight/obesity in chil-

dren and adults.  Copyright © 2011 S. Karger AG, Basel 

Key Messages  

• Alt ered nutritional experience during the lactational 
period can impact on adult health in the offspring. 

 • Overnourishment and increased carbohydrate intake 
during the suckling period predisposes to adult-onset 
obesity and related metabolic diseases. 

 • Is there a link between altered feeding practices for 
infants and adult-onset obesity?  
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 Abstract 

 The metabolic programming effects of nutritional modifica-

tions in the immediate postnatal life are increasingly recog-

nized to independently contribute to the development of 

metabolic syndrome in later life. Adjustment of litter size in 

rodents has been used to induce either under- or overnour-

ishment in the immediate postnatal life of the offspring. 

While undernourishment led to growth retardation in the 

offspring, overnourishment produced increased body 

weight gains, hyperinsulinemia and hyperleptinemia. Over-
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 Introduction 
 Obesity is one of the most daunting health challenges 

of this century. In 2007–2008, the estimate for the preva-
lence of obesity in adults aged 20–70 years in the United 
States was 33.8% and for the combined prevalence of 
overweight and obesity the estimate was 68%  [1] . More-
over, in the pediatric age group, the prevalence of obesity 
has nearly tripled over the past 30 years  [2] . The prevail-
ing obesity epidemic is a major health concern because 
obesity significantly increases the risk for a variety of 
chronic metabolic diseases, e.g. type 2 diabetes, hyper-
tension, hypercholesterolemia and/or heart disease  [3] .

  In addition to genes, poor eating habits and sedentary 
life styles are generally recognized as the major contribu-
tors to the obesity epidemic. However, the enormity of the 
problem indicates that other factors must also play a role 
in the etiology of the obesity epidemic. The pioneering 
epidemiological studies by Barker et al.  [4]  on the long-
term effects of a malnourished pregnancy were pivotal 
for the recognition that the adult phenotype of the off-
spring can be determined to a large extent by the mater-
nal nutritional status during gestation. The hypothesis of 
fetal origins of adult-onset diseases introduced by Barker 
et al.  [4]  has been corroborated by other cross-sectional 
studies and by observations from animal models for fetal 
programming. The reader is referred to the excellent re-
views on this topic  [5–12] .

  In most mammalian species, organ development is not 
complete at birth and continues in the immediate post-

natal period (suckling period). For example, maturation 
of pancreatic islets and development of neuronal systems 
in the hypothalamus continue in the suckling period in 
the rat  [13, 14] . Therefore, a nutritional insult or stimuli 
encountered during the suckling period alone can func-
tion as an independent cue for induction of lasting pro-
gramming effects. Developmental plasticity during early 
periods in life affords the offspring the ability to respond 
to an altered nutritional environment to enable its short-
term survival. In the long run, such responses are detri-
mental as they predispose the organism for adult-onset 
metabolic disorders.

  Compared to studies on fetal programming, studies 
on the programming effects due to alternations in the 
nutritional experiences during the suckling period are 
few. The focus of this article is on the long-term conse-
quences for the offspring due to nutritional alterations in 
the immediate postnatal life (suckling period).  Figure 1  
indicates the nutritional stimuli/insults investigated in 
the immediate postnatal life in animal models. Adjust-
ment of litter size is commonly used to investigate the 
lasting effects of either under- or overnourishment dur-
ing the suckling period. The long-term effects of a modi-
fied milk formula (carbohydrate-enriched) without alter-
ations in the total calorie intake in newborn rats is the 
focus of research in our laboratory. Other studies include 
investigations on the enduring effects for the offspring 
nursed by diabetic, obese or malnourished mothers.

  Under- or Overnourishment in the Immediate 
Postnatal Life 
 Undernourishment 
 The long-term consequences for the offspring due to 

undernourishment during the suckling period have been 
investigated by raising rat pups in large litters (LL; 14–24 
pups/dam)  [15, 16] . Due to the increased competition for 
milk, the total calories available for each pup are reduced. 
LL pups demonstrated lower body weights, as well as hy-
poinsulinemia and hypoleptinema in the immediate 
postnatal life followed by catch-up growth in the post-
weaning period. Changes in the hypothalamic neuropep-
tidergic system such as increases in the number of neuro-
peptide Y (NPY) neurons were observed in the arcuate 
(ARC) and paraventricular nuclei in LL rats  [17, 18]  with 
a concomitant increase in the mRNA levels of NPY in the 
ARC of these rats. These observations have been attrib-
uted to reduced leptin signaling due to hypoleptinemia in 
these rats  [19] . Programmed effects on pancreatic  � -cell 
function, insulin sensitivity, glucose intolerance and adi-
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  Fig. 1.  The various animal models for altered nutritional experi-
ences in the immediate postnatal life. The changes in the quality 
or quantity of milk received by the offspring are also indicated. 
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pose tissue metabolism have also been reported in adult 
LL rats  [15, 16] .

  Overnourishment 
 The common approach for induction of overnourish-

ment in newborn rat pups is to reduce the litter size for 
newborn rat pups to 3 pups/dam (small litter; SL). Due to 
the increased consumption of milk, SL rats were over-
weight as well as hyperinsulinemic, hyperleptinemic and 
hyperglycemic during the suckling period compared to 
normal litter pups (10 pups/dam)  [17, 18, 20, 21] . In the 
post-weaning period, SL rats demonstrated hyperphagia 
and maintained increased body weight gain throughout 
life  [22] .

  The hypothalamus is the primary center in the brain 
for regulation of food intake and body weight homeosta-
sis  [23] . Since SL rats were hyperphagic and overweight, 
several studies have focused on alterations in the hypo-
thalamic energy homeostasis mechanism in these rats 
( fig. 2 ). Electrophysiological studies performed on coro-
nal slices obtained from brains of SL and age-matched 
normal litter rats revealed significant changes in the re-
sponse to various stimuli/inhibitors. Some of these ob-
servations include: (a) leptin and insulin resistance in the 
ARC which are typically observed in the obese condition 
 [24, 25] ; (b) inhibition of neurons in the paraventricular 
nuclei and the ventromedial nucleus by NPY, agouti-re-
lated protein, corticotrophin-releasing factor and dopa-
mine favoring feeding and reduced energy expenditure 
 [26, 27] ; (c) reciprocal response in the ARC and ventro-
medial nucleus by melanin-concentrating hormone, sup-
porting increased food intake and reduced energy expen-
diture  [28],  and (d) altered neuronal wiring with the
GABAergic neurons in SL rats which could contribute to 
a persistently reduced negative feedback of the adiposity 
signals  [29] . Further, morphometric studies indicated 
that the number of NPY neurons in the ARC was in-
creased while cholecystokinin-positive neurons were re-
duced  [18, 30] . Additionally, a marked reduction in the 
thermogenic capacity of the brown adipose tissue in SL 
further supported the increased body weight gain in SL 
rats  [31]  ( fig. 2 ).

  As reported for SL rats, overnourishment in mice dur-
ing the suckling period resulted in metabolic program-
ming effects. Mice raised in SL (3 pups/dam) developed 
marked obesity and insulin resistance in response to a 
high-fat diet in the post-weaning period. Leptin resis-
tance in the ARC of suckling SL mice was implicated to 
contribute to the development of this phenotype  [32] .

  Other reports on SL rats include observation of a re-
duction in the insulin-stimulated glucose transport in 
adipocytes in adulthood; this defect was attributed to the 
low expression of insulin signaling molecules in the adi-
pose tissue of these rats  [33] . Pancreatic islets from SL rats 
secreted a reduced amount of insulin to a glucose stimu-
lus  [34] .

  Modification of Milk Composition 
 The High-Carbohydrate Rat Model 
 Newborn rat pups depend on maternal milk in the im-

mediate postnatal period for nourishment. Studies on the 
long-term consequences due to alterations in the milk 
composition for newborn rat pups are few because of dif-
ficulties in raising them away from the dam. By adopting 
the artificial rearing technique described by Hall  [35] , the 
long-term effects of a high-carbohydrate (HC) milk for-
mula are being investigated in our laboratory. In this for-
mula, the major source of calories is carbohydrate. This 
is in contrast to rat milk wherein the major source of cal-
orie is fat. Artificial rearing of rat pups on the HC milk 
formula (without changes in total calorie intake) for 3 
weeks in their immediate postnatal life led to chronic hy-
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  Fig. 2.  The possible mechanisms supporting the development of 
obesity/metabolic syndrome in the SL model. It is postulated that 
the altered hormonal levels observed during the suckling period 
‘malprogram’ the energy homeostatic mechanism in the SL (over-
nourished) rats resulting in hyperphagia and increased body 
weight gains in the post-weaning period and development of obe-
sity and metabolic syndrome in adulthood. The thickness of ar-
rows outside the boxes indicates the relative contributions to met-
abolic programming. The shorter arrows in the boxes indicate the 
direction of the changes. 
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perinsulinemia and adult-onset obesity in these rats  [36] . 
The observation that rat pups artificially raised on a high-
fat milk formula do not develop the obese phenotype in-
dicated that the artificial rearing protocol per se does not 
play a role in the development of this phenotype. The im-
mediate and lasting metabolic programming effects in-
duced by the HC dietary modification are described be-
low.

  Effects Induced by Increased Carbohydrate Intake 
(HC Milk Formula) in the Immediate Postnatal 
Period 
 An immediate response to the HC milk formula was 

the onset of hyperinsulinemia which persisted through-
out the period of the HC dietary modification. The re-
sponses evident in target tissues during the period of the 
HC dietary modification can be seen in  figure 3 . Several 
adaptive responses in pancreatic islets supported the hy-
perinsulinemia in the HC rats during the period of the 
HC milk formula consumption  [36–38] . At the cellular 
level, a greater number of small-sized islets and an in-
crease in the number of islets per unit area were observed 
in the HC pancreas. At the biochemical level, a marked 
leftward shift in the insulin secretory response to glucose 

and alterations in glucose metabolism in HC islets were 
observed. Upregulation of parasympathetic signaling 
and downregulation of sympathetic signaling in islets 
from HC rat pups further enhanced their ability to se-
crete increased amounts of insulin. Increases in the 
mRNA levels of muscarinic-type 3 receptor, phospholi-
pase C and protein kinase C � , and decreases in the 
mRNA levels of  � 2a-adrenergic receptor ( �  2a AR) provid-
ed further support to an altered autonomic nervous sys-
tem regulation of insulin secretion in HC rats. At the mo-
lecular level, increased insulin biosynthesis and increased 
gene expression of preproinsulin and of the transcription 
factors that regulate its expression were observed in HC 
islets. Further, gene array analyses indicated alterations 
in the mRNA levels of several clusters of genes involved 
in multiple functions in islets. Taken together, these ob-
servations indicate that several regulatory mechanisms 
supporting insulin secretion were altered in HC rat pups 
to meet the increased demand for insulin during this pe-
riod  [36–38] .

  Although the body weights of the HC rats up to the 
time of weaning were not significantly different from 
those of age-matched control rats, increased mRNA lev-
els of NPY, agouti-related protein and decreases in the 
mRNA levels of proopiomelanocortin, cocaine- and am-
phetamine-regulated transcript, corticotrophin-releas-
ing factor and melanocortin-4-receptor in the hypothal-
amus of HC rat pups indicated programming effects pre-
disposing for hyperphagia  [39] .

  Long-Term Consequences of the HC
Dietary Modification Observed in the
Post-Weaning Period 
 Interestingly, hyperinsulinemia persisted in the post-

weaning period in the HC rats. Functional alterations in 
terms of the secretory capacity of islets in adult HC rats 
were similar to those observed in HC rats during the pe-
riod of the HC dietary modification. Additionally, the 
pattern of autonomic nervous system regulation of insu-
lin secretion in adult HC rats was also similar to that ob-
served in the HC pups. Vagotomy in adult HC rats re-
sulted in reductions in plasma insulin levels providing 
additional support to the altered autonomic nervous sys-
tem regulation of insulin secretion in adult HC rats  [36–
38] . HC rats weaned onto a standard laboratory rodent 
chow diet on postnatal day 24 demonstrated hyperphagia 
and increased body weight gains in the post-weaning pe-
riod compared to controls ( fig. 3 ). In the adult hypothal-
amus, alterations in the gene expression of orexigenic and 
anorexigenic neuropeptides were similar to those ob-
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  Fig. 3.  A representation of the responses to the HC milk formula 
and the possible cross-talk between the target organs, which sup-
port the development of the obesity/metabolic syndrome in the 
post-weaning period. The thickness of the arrows indicates the 
relative contribution to metabolic programming. The shorter ar-
rows in the boxes indicate the direction of the changes. ANS/PNS/
SNS = Autonomic/parasympathetic/sympathetic nervous system.  
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served in the HC rat pups  [36–38] . Taken together, these 
observations suggest that an increased proportion of car-
bohydrate in the diet during infancy, via ‘malprogram-
ming’ of the pancreatic islets and the hypothalamic en-
ergy regulatory mechanism, can predispose the organism 
for adult-onset obesity and related metabolic disorders.

  Generational Effect in the HC Rat Model – A Lasting 
Consequence of the HC Dietary Modification in the 
Immediate Postnatal Period 
 A significant observation derived from our studies on 

the HC rat model was that female rats that were artifi-
cially raised on the HC milk formula in their immediate 
postnatal life spontaneously transferred HC phenotype 
(chronic hyperinsulinemia and adult-onset obesity) to 
their offspring  [40] . The HC intrauterine environment 
was characterized by hyperinsulinemia, hyperlepti-
nemia, increased plasma levels of several proinflamma-
tory markers and significantly increased body weight 
compared to control female pregnant rats. Embryo trans-
fer experiments (mother-fed embryos to HC mother and 
vice versa) indicated that mere fetal development in the 
adverse intrauterine environment of the HC female rat 
was sufficient for fetal programming of the offspring  [41] . 
Cross-breeding of HC female rats with normal and HC 
male rats and cross-fostering of HC offspring by control 
dams also supported the above observation [Vadlamudi  
and Patel, unpubl. data]. HC term fetuses were hyperin-
sulinemic and HC fetal islets secreted increasing amounts 
of insulin in the presence of glucose and amino acids  [42] . 
Surprisingly, adaptations supporting hyperphagia were 
evident in the fetal HC hypothalamus  [41] . Although dur-
ing the suckling period plasma insulin levels in HC pups 
were similar to those of age-matched control pups (due 
most likely to a suppressive effect of high-fat/low-carbo-
hydrate content of rat milk), immediately after weaning 
HC offspring developed hyperinsulinemia which persist-
ed into adulthood. Hyperinsulinemia in the HC offspring 

in the post-weaning period was supported by alterations 
in the insulin secretory capacity of islets similar to those 
observed for HC rats that were subjected to the HC di-
etary modification  [43] . HC offspring demonstrated in-
creased body weight gain in the post-weaning period and 
were markedly obese in adulthood. The consumption of 
the HC milk formula by newborn female rat pups result-
ed in a cyclic effect of transfer of the maternal character-
istics to its offspring.

  Lactational Environment in the Mother 
 Diabetic Mother 
 That the lactational environment in the diabetic dam 

could program hypothalamic neuronal circuits for later 
development of obesity in the offspring was shown by 
Fahrenkrog et al.  [44] . Malprogramming of the hypotha-
lamic neuropeptidergic system – such as an increased im-
munopositivity in the ARC for NPY and agouti-related 
protein and decreased immunopositivity for proopiomel-
anocortin and melanocyte-stimulating hormone, as well 
as an increased total number of neurons in the paraven-
tricular nuclei – was evident in normal rat pups suckled 
by diabetic dams. It was suggested that these changes 
could drive the development of hyperphagia, obesity and 
diabetogenic disturbances in these rats  [44] . Increased 
levels of glucose and insulin have been noted in human 
breast milk from diabetic mothers; this increase was at-
tributed to the diffusion from maternal circulation into 
breast milk  [45, 46] . Milk synthesis and ejection are re-
duced in untreated diabetic rat dams and this condition 
could lead to undernourishment for the offspring  [47] . 
Furthermore, diabetes during lactation could alter ma-
ternal behavior towards the offspring and could further 
affect neurodevelopment in the offspring. These factors, 
either singly or in combination, could contribute to the 
development of the altered phenotype in normal off-
spring nursed by a diabetic mother.

  Obese Mother 
 Oben et al.  [48]  demonstrated that cross-fostering of 

offspring of lean rat dams by obese dams resulted in an 
exaggerated dysmetabolic, insulin-resistant and non-al-
coholic fatty liver disease phenotype compared to off-
spring of obese or lean dams nursed by their natural 
mothers. This observation suggests that an adverse ex 
utero environment (being suckled by an obese dam in 
this study) alone produced an exaggerated diseased phe-
notype in the offspring. Based on this observation, these 
authors suggested that in utero exposure to obesity ap-

An increased proportion of 
carbohydrate in the diet during 

infancy, via ‘malprogramming’ of the 
pancreatic islets and the hypothalamic 

energy regulatory mechanism, can 
predispose the organism for adult-

onset obesity and related metabolic 
disorders.
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peared to protect the offspring to some extent against the 
programming effects of lactation by an obese dam. Fur-
thermore, it was speculated that the increased levels of 
leptin present in the breast milk of obese dams and the 
increased levels of insulin present in the offspring of 
obese dams could singly or in combination contribute to 
the observed phenomenon  [48] .

  Reifsnyder et al.  [49]  noted that when the offspring of 
the cross between the New Zealand obese mouse and the 
nonobese mouse were reared by lactating obese or non-
obese females, the body weights of pups fostered by obese 
dams were significantly heavier than those of the pups 
fostered by lean lactating dams on postnatal day 18. These 
observations suggest that a genetic predisposition to in-
creased body weight gain could be enhanced by the ma-
ternal environment during lactation. The authors hy-
pothesized that the increased lipid and leptin contents of 
breast milk from obese dams could be responsible for this 
observation.

  In yet another study on the role of lactation by an obese 
dam, Gorski et al.  [50]  showed that genetically obesity-
resistant rat pups cross-fostered to genetically obese dams 
showed increases in diet-induced adiposity, insulin resis-
tance and hypothalamic changes in the energy homeosta-
sis mechanisms. There was a selective increase in insulin 
levels and fatty acid composition in the breast milk of the 
obese dam. These observations demonstrate that postna-
tal factors can overcome genetic predisposition for the de-
termination of the development of obesity in later life.

  Malnourished Mother 
 Malnourishment in the 

lactating mother has also 
been shown to cause aberra-
tions in the offspring. For ex-
ample, protein malnourish-
ment in the mother during 
lactation resulted in repro-
ductive defects in the off-
spring due to disturbances in the follicular development 
and alterations in the endometrial angiogenesis  [51] . Pro-
tein deprivation only during the early lactation period 
produced alterations in the innate immune response  [52]  
as well as in the insulin sensitivity in peripheral tissues in 
adulthood  [53] .

  Alterations in Milk Energy Density (Combined Effect 
of Quality and Quantity) 
 Studies on rhesus macaques indicated that the quality 

of mother’s milk can alter brain development and result 

in aberrations in behavioral dispositions in later life. 
Hinde and Capitanio  [54]  showed that infant monkeys 
nursed by mothers whose milk had a greater available 
milk energy had higher activity levels and greater confi-
dence in a stressful setting compared to the infants nursed 
by dams whose milk had a lower available milk energy.

  Mechanisms Supporting Postnatal 
Programming 
 Although the precise mechanisms that support meta-

bolic programming effects due to altered nutritional ex-
periences in the immediate postnatal period are not well 
understood, altered hormonal levels have been implicat-
ed in this process. Since insulin and leptin function as 
trophic factors during early periods of life, a causal rela-
tionship has been extrapolated between abnormal levels 
of these hormones and altered development of target or-
gans. For example, hyperinsulinemia in the immediate 
postnatal period in rats has been associated with adult-
onset obesity  [55, 56] . It has been suggested that the hy-
perinsulinemia and hyperleptinemia evident in SL rats 
underlie the observed malprogramming of the hypotha-
lamic energy circuitry, resulting in hyperphagia and in-
creased body weight gains in the post-weaning period of 
these rats  [57]  ( fig.  2 ). In the  ob/ob  mouse, the lack of 
leptin has been shown to alter normal development of 
neuronal projections within specific nuclei in the hypo-
thalamus, leading to the development of obesity in these 

mice  [58] . The administration 
of leptin to neonatal  ob/ob  
mice rescued the development 
of these neuronal projections, 
and reduced food intake was 
observed in the immediate 
post-weaning period  [59] . Ad-
ministration of leptin to neo-
natal rats prevented the devel-
opment of obesity in rats on a 

high-fat diet in the post-weaning period  [60] . These ob-
servations underscore the harmful enduring effects of an 
abnormal hormonal profile during early periods of life on 
regulatory mechanisms, with the consequence of a pre-
disposition to a diseased state in later life.

  Recently, epigenetic regulation of gene expression has 
been shown to contribute to fetal programming effects. 
For example, Park et al.  [61]  showed that epigenetic si-
lencing of the  Pdx-1  gene in pancreatic islets contributed 
to the development of type 2 diabetes in intrauterine 
growth-retarded rats. Histone code modifications were 

Since insulin and leptin function as 
trophic factors during early periods of 

life, a causal relationship has been 
extrapolated between abnormal levels 

of these hormones and altered 
development of target organs.
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shown to underlie the repression of the  Glut-4  gene in the 
muscle of intrauterine growth-retarded offspring  [62] . 
There are not many reports on the epigenetic regulation 
of gene expression for postnatal metabolic programming 
effects. Plagemann et al.  [63]  have shown that the pro-
moter region of proopiomelanocortin was hypermethyl-
ated within two Sp-1-related binding sequences in the hy-
pothalamus of SL rats. Furthermore, the same group 
demonstrated that overnourishment in the suckling pe-
riod produced hypermethylation of the insulin receptor 
promoter region in the hypothalamus of SL rats  [64] .

  For the HC rats, the nutritional challenge is the in-
creased carbohydrate content of the milk formula. Un-
like the SL or LL rats, the HC rat is not subject to altera-
tions in calorie availability. Hyperinsulinemia is evident 
in the HC pups within 24 h of being fed the HC milk 
formula. The immediate onset of hyperinsulinemia in-
dicates that it is a necessary response for survival of 
these pups on the HC milk formula.  Figure 3  is the hy-
pothetical representation of the possible effects of the 
HC milk formula on target organs and the cross-talk 
between them, which could contribute to adult-onset 
obesity in these rats. During the period of the HC di-
etary modification, the HC rat pups were hyperinsulin-
emic as well as hypoleptinemic. Such an altered hor-
monal environment in the HC rat pup may underlie the 
observed malprogramming of the appetite-regulatory 
mechanism in the hypothalamus of these pups. The per-

sistence of these early hypothalamic adaptations in the 
post-weaning period results in hyperphagia and in-
creased body weight gains in the post-weaning period of 
these rats. An increased parasympathetic tone and a de-
creased sympathetic tone have been observed to con-
tribute to the increased insulin-secretory capacity of HC 
islets. Since specific neuropeptides can directly function 
at the level of islets, the altered levels of hypothalamic 
neuropeptides may additionally regulate insulin secre-
tion in HC rats. Taken together, these observations sug-
gest that the brain and the pancreas reciprocally modify 
regulatory mechanisms in each other in the HC rat 
( fig. 3 ). The reduced sympathetic tone in the HC rats in 
addition to its effects on the islets could also regulate 
nonshivering thermogenesis and via this mechanism 
support obesity in this model. In the context of reversal 
of the development of obesity in the HC rat, we observed 
that pair-feeding of HC female rats from the time of 
weaning normalized plasma insulin levels and body 
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practices in later life
(e.g. consumption of
calorie-dense foods)

First 6 months
of life (possible
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programming

effects
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programming
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?

 Fig. 4. Based on animal studies and observations in humans, mal-
programming and nutritional alterations during early postnatal 
life could significantly increase the risk for development of meta-
bolic disorders in adulthood. ANS = Autonomic nervous system.  

Table 1. T otal calorie content and calories derived per serving 
from carbohydrate, protein and fat for some of the popular com-
mercially available first foods for babies

Food Calories 

to tal carbo-
hydrate

protein fat

Banana 70 66 (52) <4 0
Sweet potato 45 44 (24) <4 0
Pears 40 40 (28) <4 0
Apple sauce 40 36 (32) <4 0
Carrots 25 22 (12) <4 0
Apple juice 60 56 (52) <4 0
Banana/strawberry 70 68 (64) <4 0
Apple/grapes 60 60 (56) <4 0
White grapes 80 80 (80) <4 0

On  average, the total calories per serving in baby first foods 
(fruits, fruit juices and vegetables) are 54.4 (ranging from 25–80 
calories for 9 different foods) and calories derived from carbohy-
drates are 52 (ranging from 20 to 80 calories for 9 different foods). 
On average, the caloric contribution from simple sugars in these 
foods is 81.6% of total calories and 85.5% of total carbohydrate-
derived calories. Fat-derived calories are negligible and protein-
derived calories from baby first foods are about 14.5% of the total 
calories in these supplemental foods. The calorie content for fat 
and protein are only approximate estimates. They may vary de-
pending on the nature of the infant food used. These calculations 
are based on data derived from commercially available infant 
foods (major brands). Numbers in parentheses represent the calo-
ries derived from simple sugars.
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weight in adulthood of these rats  [42] . This observation 
further underscores the role of hyperinsulinemia in this 
model.

  So far, our studies have focused mainly on the adapta-
tions in the islets and the hypothalamus. Our results in-
dicate that these organs respond immediately to the HC 
milk formula and that these early metabolic effects per-
sist to contribute to the development of the obese pheno-
type in the HC adult rats. Limited studies in other organs 
such as the gut (increased plasma glucagon-like-peptide 
1 levels) and the liver (increased glycogen content and 
lipogenic capacity) indicate that regulatory mechanisms 
could be affected in other organs. More detailed studies 
are needed in this area in the HC rat. Epigenetic mecha-
nisms may be involved in the permanence of the immedi-
ate effects to support chronic hyperinsulinemia and pre-
disposition to hyperphagia, but these mechanisms are yet 
to be unraveled in this model.

  Infant Feeding Practices and Possibility of 
Lactational Programming Effects in Humans 
 From the discussion above, it appears that nutritional 

alterations during the suckling period alone can signifi-
cantly increase the risk for
the development of metabol-
ic disorders in adulthood 
( fig. 4 ). This observation has a 
direct impact on infant feed-
ing practices with specific ref-
erence to reduced rates of 
breastfeeding and early intro-
duction of complementary 
foods. The American Dietetic 
Association has suggested 
that infants should be exclusively breastfed for the first 6 
months of life and that complimentary foods should be 
introduced only after 6 months of age  [65] . Breast milk 
has the ideal combination of nutrients, hormones and 
other factors essential for the proper development of ba-
bies. The beneficial effects of breastfeeding for the infant 
are well documented. For example, it has been shown that 
breastfeeding was associated with a reduction in the risk 
for obesity, and type 1 and 2 diabetes, etc.  [66] . On the 
other hand, increased height and weight gains and adult-
onset obesity have been reported in infants who were only 
formula fed in their infancy  [67, 68] . Shorter periods of 
breastfeeding and early introduction of complementary 
foods have been shown to result in altered growth pat-
terns in infants  [69] . A recent report on the analysis of 

data from five cohorts in low- and middle-income coun-
tries after adjusting for confounding factors showed that 
later introduction (after 6 months) of complementary 
foods was associated with lower body weight in adult-
hood  [70] .

  Although breastfeeding for infants has been advocat-
ed by the responsible authorities, dietary practices for in-
fants have undergone major changes. In the first half of 
the 20th century, formula feeding for infants began to 
gain popularity with a concomitant decrease in breast-
feeding rates and early introduction of complementary 
foods  [68] . The impetus for the promotion of formula 
feeding has been attributed to commercial interests and 
changes in public health policies  [71] .

  In addition to reduced breastfeeding rates and in-
creased rate of formula feeding, there appears to be a 
disturbing trend with regard to early introduction of 
complementary foods. It can be seen from  table 1  that 
complementary foods for babies are mostly carbohy-
drate dense (mainly simple sugars) and include fruits, 
fruit juices and vegetables.  Table 2  indicates the recipro-
cal changes in carbohydrate-derived calories and fat-de-
rived calories in the total available calories for infants 
when milk (human or formula) is supplemented with 

complementary foods. At the 
level of 30% supplementa-
tion, there is a marked in-
crease in carbohydrate-de-
rived calories and a marked 
decrease in fat-derived calo-
ries. Since babies receive such 
foods via the bottle and 
spoon, there is a possibility of 
over-feeding babies due to 
these modes of feeding. This 

could further increase the carbohydrate load for the ba-
bies. As observed in the HC rat model, substantial in-
creases in the availability of carbohydrate-derived calo-
ries during infancy could predispose these infants to 
overweight and obesity in their later life.

  Although it has been shown that consumption of sug-
ar-enriched drinks increased the risk for overweight/
obesity and other diseases  [72] , the WIC (Women, In-
fants and Children) Infant Feeding Practices Study found 
high levels of consumption of sweet drinks (e.g. sugar wa-
ter or fruit-flavored drinks) by infants. In the first month 
of life, 14% of infants received these drinks; by 4 months, 
about 30% were given these drinks. This practice was pre-
dominant amongst Hispanic infants  [73, 74] . Further, it 
was noted that a large number of infants received fruit 

It is possible that the metabolic
adaptations occurring in infants

due to early introduction of sweetened 
foods (before the recommended age of 

6 months) could be amplified by
consumption of calorie-dense foods

in their later life.
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juice earlier than the recommended age of 6 months – 
about 50% by the age of 4 months  [73] . Based on the ob-
servations on the HC rat model, it is possible that early 
introduction of sugar-dense complementary foods for 
babies could be a contributing factor in the etiology of 
obesity in children and adults.

  Accumulated evidence shows that the consequences of 
an early life nutritional challenge could be exacerbated by 
dietary practices in adult life. As an example, it has been 
noted that SL mice overnourished during the suckling 
period demonstrated increased body weight gains on a 
high-fat diet in the post-weaning period compared to SL 
mice weaned onto laboratory chow  [32] . It is possible that 
the metabolic adaptations occurring in infants due to 
early introduction of sweetened foods (before the recom-
mended age of 6 months) could be amplified by con-
sumption of calorie-dense foods in their later life. Such a 
situation could result in the development of obesity at an 
earlier age and to a greater extent.

  Conclusions 
 In the context of the worldwide prevailing obesity ep-

idemic, it is to be recognized that feeding practices during 
the first 6 months of life may play a critical role in the de-
termination of the future health of these infants. Results 
from animal models as described above indicate malpro-
gramming of vital regulatory mechanisms as a response 
to an altered nutritional experience in the immediate 
postnatal life. It appears that such responses lay the foun-
dation for the subsequent development of metabolic dis-
orders including obesity and related diseases. The imme-

diate postnatal period is therefore a vulnerable period for 
permanent programming of appetite and growth dy-
namics and hence requires targeting by healthcare pro-
viders for implementation of proper guidelines for moth-
ers with regard to feeding practices for their newborn ba-
bies.
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