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Abstract
Recent epidemiological studies indicate a strong link 
between intrauterine under-nutrition and propensity 
of such offspring for developing obesity and meta-
bolic syndrome in later life. Garg et al  investigated the 
mechanistic basis of this phenomenon and its potential 
reversibility in rats. The authors found that rats experi-
encing gestational under-nutrition but fed normally af-
ter birth (IUGR) gained body mass with excessive sub-
cutaneous and visceral fat. The IUGR rats were also 
metabolically inflexible since they showed similar rates 
of energy expenditure and O2 consumption in the fed 
and fasted states. However, if such pups were food-
restricted during lactation (PNGR), their metabolic pro-
files resembled those of control and IPGR (subject to 
food restriction during pre- and postnatal periods) rats. 
Thus, postnatal caloric restriction superimposed on in-
trauterine under nutrition significantly improved insulin 
sensitivity and adiposity of rats that would otherwise 
develop metabolic inflexibility and visceral obesity. The 
observations of Garg et al , have serious implications in 
term of the design of the future experimental studies 
as well as their clinical translation in humans.

© 2012 Baishideng. All rights reserved.

Key words: Intrauterine under-nutrition; Metabolic plas-
ticity; Type 2 diabetes; Metabolic syndrome; Caloric 
restriction
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INVITED COMMENTARY ON HOT 
ARTICLES
Obesity and adult onset type 2-diabetes (T2DM) and 
their cardiovascular co-morbidities are rapidly becom-
ing a global epidemic. According to the estimates of  the 
World Health Organization, more than one billion peo-
ple on earth are overweight and about one third of  these 
individuals may be considered obese[1]. Epidemiological 
observations indicate that the underlying causes of  this 
massive increase in obesity and type T2DM worldwide 
are largely socio-economic in origin. However, the 
underlying mechanisms that predispose individuals to 
developing obesity-associated insulin resistance, hyper-
triglyceridemia, lower high-density lipoprotein/very low-
density lipoprotein ratio, visceral adiposity and hyperten-
sion (the so called metabolic syndrome) may be quite 
different in different populations around the globe.

In the developed nations such as United States, the 
overarching causes of  obesity and T2DM appear to be 
a prevalence of  calories-rich fast food diet, overeating 
and lack of  physical exercise. However, changes in life 
style (e.g., adoption of  Western style diets) and physical 
inactivity, due to improved economic conditions, only 
partially explain the rise in the numbers of  new cases 
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of  T2DM and obesity in the developing countries. Re-
cent epidemiological data strongly indicate that another 
key factor involved in the rise of  this epidemic in many 
countries may be poor maternal nutrition during preg-
nancy. It has been appreciated for decades that intrauter-
ine nutrition profoundly influences the developing fetus. 
For instance, undernourished mothers often give birth 
to babies weighing less than 2.5 kg, a much lower birth 
weight than their peer group[2]. The rapidly emerging 
body of  evidence suggests that poor intrauterine nutri-
tion can also influence the incidence of  metabolic and 
related health problems of  the newborn during adult-
hood. The mechanistic basis of  this link between intra-
uterine nutrition and propensity for obesity and meta-
bolic syndrome in later life is poorly defied at present.

Barker et al[3] were the first to recognize that intrauter-
ine nutrition not only shapes the metabolic phenotype 
of  the fetus but also its response to environmental con-
ditions encountered after birth, and most likely through-
out adolescence and adulthood. Since then, a number of  
epidemiological studies have shown that smaller sized 
human infants, resulting from intrauterine under nutri-
tion, are more likely to acquire increased adiposity later 
in life[4-7]. How does nutritional deprivation of  a fetus 
predisposes it to become obese and to develop metabolic 
syndrome later in life remains a hotly pursued question, 
both in the laboratory and in the clinic. 

The “thrifty genotype hypothesis”, originally pro-
posed by Neel et al[8], appears to be a dominant paradigm 
guiding much of  the ongoing search for the mechanism 
to explain the relationship between intrauterine under-
nutrition and the propensity of  the newborn for adipos-
ity and T2DM during adolescence and adulthood[9]. Fetal 
development is marked by extraordinary complexity and 
plasticity. According to the thrifty genotype hypothesis, 
exposure to gestational under nutrition triggers a thrifty 
gene(s) that reprograms the fetal muscle and adipose 
tissue to become insulin resistant in order to insure ad-
equate supply of  glucose in circulation needed for an 
optimal growth of  the developing fetus[9]. Experimental 
data from a number of  species lend strong support for 
the concept that intrauterine exposure to under nutrition 
induces changes in the fetal insulin signaling pathways[10]. 
It should be noted however that the molecular underpin-
nings of  the thrifty genotype hypothesis remain rather 
sketchy since no gene(s) that determine metabolic repro-
gramming in response to nutritional deprivation of  fetus 
and its propensity for obesity and metabolic syndrome 
in later life have been identified.

With the foregoing caveat notwithstanding, the thri-
fty genotype hypothesis derives strong support from 
empirical evidence indicating that genes are a major 
determinant of  inter-individual variation in body weight 
and body fat mass in all species, including humans, and a 
close interaction between genes and environment deter-
mines the final phenotype of  the individual. At present, 
the underlying relationship between maternal nutrition 
and its impact later in life is poorly understood; it is also 

unclear whether the insulin signaling pathways in the fe-
tus are reversible and thus capable of  being fine-tuned in 
response to environmental stimuli during the period of  
postnatal development, and later in adulthood[11]. 

In the June 2012 issue of  the journal Diabetes, Garg 
et al[12], describe a set of  experiments to demonstrate the 
potential plasticity inherent in the fetal metabolic pro-
gram elicited in response to intrauterine sub-optimal nu-
trition in rats. These investigators studied four groups of  
male rats: control rats without experimental caloric inter-
vention (CON), intrauterine growth restricted rats that 
were allowed normal food intake during postnatal period 
(IUGR), normal rats that were subjected to reduced ca-
loric intake during lactation (PNGR), and finally, animals 
that were maintained on combined IUGR and PNGR 
regimens (IPGR). The authors recorded body weight, 
visceral and subcutaneous fat mass, food and water in-
take for all four groups of  animals, at the time of  wean-
ing, and at monthly intervals thereafter between the ages 
of  4 mo and 10 mo. Additionally, they measured plasma 
levels of  glucose, insulin and leptin in the control and 
experimental cohorts.

The authors report that the IUGR group of  animals, 
that experienced gestational under-nutrition followed by 
unrestricted postnatal caloric intake, gained the greatest 
body mass, as well as accumulated excessive subcutane-
ous and visceral fat. It was also noted that while food 
intake per body weight in IUGR rats was lower than in 
CON, the IUGR animals were metabolically inflexible, 
i.e., showed similar rates of  energy expenditure and O2 
consumption (VO2) in the fed and fasted states. Howev-
er, to the authors’ surprise, the newborn IUGR rats were 
glucose tolerant and insulin sensitive like the control 
animals. The authors speculate that the observed meta-
bolic phenotype of  IUGR rats was consistent with their 
increased circulating levels of  leptin. More importantly, 
they discovered that food restriction during lactation in 
rats that were nutritionally deprived in utero (PNGR) had 
a salutary effect on their metabolic state at 10 moof  age. 
Although the PNGR rats had a higher intake of  food 
per body mass, their metabolic profiles were similar to 
those of  CON and IPGR animals; thus PNGR rats elic-
ited greater metabolic flexibility as judged by their abil-
ity to increase VO2 and heat production during the fed 
state. It should also be pointed out that, as judged by the 
anthropomorphic and metabolic criteria used by Garg et 
al[12], the IPGR rats were the most insulin sensitive, had 
a higher resting VO2 and displayed greater physical activ-
ity level compared with animals in the CON, IUGR and 
PNGR cohorts. 

The observation that postnatal caloric restriction (CR) 
superimposed on intrauterine under nutrition leads to an 
improved metabolic profile in rats that would otherwise 
develop metabolic inflexibility and visceral obesity is 
novel. However, the report of  Garg et al[12], differs from 
a number of  previous studies that have claimed that the 
existence of  insulin resistance was a common occurrence 
in IUGR rats[13-16]. In a related report, it was shown that 
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the IUGR phenotype was also associated with decreased 
pancreatic β-cell mass[17]. It should be noted however 
that Garg et al[12] did not report the status of  β-cell mass 
in their experimental cohorts.

The authors point out that an apparent discrepancy 
between their observations and those reported previ-
ously is likely due to methodological differences. The au-
thors conclude that “it appears that none of  these stud-
ies demonstrated changes in in vivo glucose utilization 
consistent with insulin resistance; rather some investiga-
tions demonstrated early insulin deficiency or relied on 
ratios between glucose and insulin to make conclusions 
regarding the presence of  insulin resistance subsequently 
in the adult offspring.” I think this is a reasonable expla-
nation for the discrepancy between the current publica-
tion and earlier reports that inferred insulin sensitivity in 
IUGR animals from the ratios between circulating glu-
cose and insulin concentrations. The hyperinsulinemic-
euglycemic clamp, as used by Garg et al[12], is a more 
rigorous technique to demonstrate insulin sensitivity. 
The methodological differences notwithstanding, a key 
advance reported by Garg et al[12] is that a propensity of  
rats exposed to intrauterine under-nutrition to develop 
obesity and metabolic syndrome could be attenuated by 
CR during the postnatal period. Although these authors 
have appropriately emphasized their observation sup-
porting a salutary influence of  postnatal CR on IUGR 
animals, in my opinion, their finding that postnatal CR 
had a measurable positive influence on the metabolic 
profile of  all groups of  rats, regardless of  their nutri-
tional status in utero, is also highly significant. Alas, these 
authors did not follow these animals long enough to de-
termine if  and when any of  the animals develop serious 
insulin resistance and overt diabetes in future.

Since the developmental origins of  obesity are poorly 
understood, the tantalizing observations of  Garg et al[12], 
have clear implications for future investigations. For ex-
ample, it would be important to assess if  and when the 
IUGR offspring on unrestricted access to calories go on 
to develop frank diabetes and metabolic syndrome. Simi-
larly, the future studies should focus on the mechanisms 
by which CR modifies the propensity of  IUGR rats 
for obesity and metabolic syndrome later in life. These 
mechanistic investigations need to be addressed at the 
genomic, proteomic and metabolomic levels.  The obser-
vations in the rodent models also need to be extended 
to non-human primates to gain a deeper understanding 
of  the evolutionary basis of  how CR impinges on the 
genome of  various species. 

The epidemiological data strongly suggest that low-
birth human infants have a higher tendency to become 
obese and diabetic during adolescence[18]. Every year 
more than 20 million undernourished mothers give birth 
to babies weighing less that 2.5 kg; many of  these would 
become obese and diabetic. The epidemic of  obesity 
and impaired metabolic health, particularly in young 
adults, is likely to create an unprecedented burden on the 
healthcare systems of  many societies. The observations 
of  Garg et al[12], have serious implications in term of  the 

design of  the future translational studies in humans.
On a final note, although consistent changes in con-

stitutive gene expression in the models of  obesity and 
metabolic syndromes have been observed, the molecular 
mechanisms by which CR determines the phenotype 
of  the newborn and its metabolic plasticity are far from 
clear. Much of  what we have learned about CR has been 
from the genetic models of  ageing such as yeast, Cae-
norhabditis elegans and fruit flies. These studies have dem-
onstrated CR is associated with key changes in nutrient 
and energy sensing pathways, particularly those related 
to insulin signaling. Additionally, studies in model organ-
isms have unraveled a role of  the epigenetic mechanisms 
involving methylation of  DNA and posttranslational 
modification of  chromatin in metabolic re-programming. 
However, the exact nature of  the “epigenetic codes” that 
determine metabolic plasticity remain to be defined[11]. 
Finally, it is imperative that the analogous pathways be 
rigorously investigated in humans with a goal to discover 
drugs or nutrients that may mimic CR and a full spec-
trum of  its health benefits[19].
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structured abstracts (no less than 480). The specific requirements 
for structured abstracts are as follows: 
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words should accompany each manuscript. Abstracts for original 
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(no more than 20 words): Only the purpose should be included. 
Please write the aim as the form of  “To investigate/study/…; 
MATERIALS AND METHODS (no less than 140 words); 
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