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Abstract 
 

In the last few decades Type 2 diabetes has become a global public health crisis with 
prevalence of the disease increasing at an alarming rate in most nations. In particular,  
the majority of new diabetes cases worldwide are projected to arise from developing 
countries fueled by a rapid rise in urbanization and recent changes in dietary patterns. 
Type 2 diabetes is a complex polygenic disease, the pathophysiology of which involves 
an interaction between genetic predisposition and environmental triggers. Hyperglycemia 
and consequent micro- and macrovascular complications develop gradually as a result  
of failure of pancreatic beta-cells to adequately compensate for insulin resistance, 
typically induced by conditions that increase metabolic demand (i.e. obesity, aging, 
pregnancy etc). Epidemiological and animal studies suggest that early-life nutrient 
availability may contribute to the adult susceptibility for diabetes. This association 
becomes more pronounced in individuals exposed to an abundant nutritional environment 
during adulthood. It is of particular importance in the developing world where lack  
of nutrient availability during fetal and early-life often coincides with relative nutritional 
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abundance in adulthood. Therefore, in the current chapter we will first review current 
advances in understanding the pathophysiology of type 2 diabetes and, secondly, explore 
epidemiological evidence linking early-life nutrient availability with increased 
susceptibility to diabetes in adult life. Finally, authors will review physiological  
and molecular mechanisms linking early-life nutrient insufficiency and the onset of  
adult diabetes with particular focus placed on mechanisms underlying pancreatic  
beta-cell failure. 
 
 

Introduction 
 
The worldwide incidence of Type 2 diabetes mellitus (T2DM) has reached an epidemic 

proportion with estimated 360 million people diagnosed and nearly 5 million yearly deaths 
attributed to the disease [1]. Alarmingly, the incidence of T2DM worldwide is expected to 
continue to rise and estimated to affect nearly 600 million people within next twenty years 
[1]. T2DM and consequent macro- and microvascular complications significantly affect both 
quality and length of life, which in turn burdens the health care systems with direct global 
spending on patient care for diabetes estimated at nearly $500 billion [1]. Macrovascular 
complications in diabetes lead to increased risk of coronary events as well as stroke where 
microvascular complications commonly lead to blindness, kidney failure and peripheral 
neuropathy [2, 3]. Furthermore, patients with T2DM are several times more likely to develop 
a variety of common cancers and other life-threatening co-morbidities [4].  

The vast majority of new diabetes cases worldwide are projected to arise from developing 
countries of Southeast Asia and Pacific Rim including China and India [5]. There the recent 
increase in urbanization, changes in dietary and exercise patterns with consequent obesity in 
the last two decades have led to nearly a ten-fold increase in the prevalence of diabetes [5]. 
Alarmingly, the rates of diabetes in Southeast Asia are expected to quadruple in the next 
decade. Whereas, T2DM used to be a disease associated with old age, it is increasingly seen 
in children and young adults [6, 7]. Clearly new strategies to prevent and treat T2DM in 
developing countries are urgently needed, but to meet this objective it is imperative to 
establish treatment targets by uncovering physiological and molecular mechanisms 
responsible for the development of this disease.  

To this end, in recent years a number of potential mechanisms have been proposed. In 
particular, recent epidemiological and animal studies suggest that early-life nutrient 
availability contributes to the adult susceptibility for T2DM [8-13]. This hypothesis (termed 
‘fetal origins”) is largely based on epidemiological work by Barker and colleagues, but has 

been recently challenged by some investigators [14]. Therefore, in this chapter authors will: 
 
1) Review physiological and molecular bases of T2DM development in humans; and  
2) Explore epidemiological, physiological and molecular evidence in support and 

against the association between early-life nutrient availability and the subsequent 
development of diabetes in adults.  
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Pathophysiology of Type 2 Diabetes Onset 

 
T2DM is a complex polygenic disease, the pathophysiology of which involves an 

interaction between a wide array of genetic predispositions and environmental triggers 
culminating in induction of fasting and postprandial hyperglycemia. The pathogenesis of 
T2DM was originally thought to be caused primarily by impaired insulin action (insulin 
resistance) at the level of peripheral tissues, such as skeletal muscle and liver, commonly 
attributed to environmental factors such as obesity, aging and physical inactivity [15]. 
However, it is now better appreciated that T2DM develops as a result of the failure to 
maintain adequate fasting and postprandial insulin secretion to compensate for prevailing 
insulin resistance [16-22]. In support of this view, nearly all genetic variants predisposing to 
T2DM identified through genome-wide association scan studies to date are linked to genes 
regulating some aspects of beta-cell biology, such as adequate development of beta-cell 
numbers, beta-cell turnover and the regulation of beta-cell secretory function [23]. 
Furthermore, most insulin resistant individuals do not develop diabetes [24] because they are 
able to properly compensate for insulin resistance by a compensatory increase in insulin 
secretion where diabetes occurs only in a subset of genetically-prone individuals who fail to 
adaptively up regulate insulin secretion to counteract impaired insulin action [25-28].  

 

 

Figure 1. Pathophysiology of Type 2 diabetes. Type 2 diabetes is a complex metabolic disease, the 
pathophysiology of which involves an interaction between genetic predisposition and environmental triggers. 
Hyperglycemia occurs as a result of pancreatic beta-cell failure in response to insulin resistance. Beta-cell 
failure in T2DM is associated with a deficit in beta-cell mass and beta-cell function. Insulin resistance in 
T2DM primarily manifests at the level of the liver and the skeletal muscle, characterized by impaired insulin-
stimulated glucose disposal and failure to adequately suppress hepatic glucose production. Current view 
suggests that genetic predisposition to T2DM appears to be linked to pancreatic beta-cell failure through the 
regulation of beta-cell function and/or mass, whereas most environmental triggers such as obesity and 
physical inactivity have been shown to primarily influence insulin action.  
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Figure 2. The balance between beta-cell formation and loss in humans. Figure showing schematic 
representation of the relationship between beta-cell formation and loss in-vivo. The maintenance  
of sufficient beta-cell mass in humans depends on a complex interplay between factors involved in early-life 
beta-cell formation which depends on interaction between genetic predisposition and intrauterine 
environment. In addition, beta-cell mass in humans has a capacity to expand upon increased metabolic 
demand due to obesity and pregnancy. In contrast, beta-cell loss is attributed to apoptosis mediated by 
toxicity due to prolonged exposure to high glucose concentrations (or glucotoxicity), or high levels of free 
fatty acids (or lipotoxicity), and toxicity due to intracellular formation of human islet amyloid polypeptide 
oligomers (h-IAPP).  

Insulin resistance in T2DM primarily manifests at the level of the liver and the skeletal 
muscle resulting in impaired skeletal muscle insulin-stimulated glucose disposal, and absence 
of insulin-stimulated suppression of hepatic glucose release following meal ingestion  
[29, 30]. Impaired insulin secretion in diabetes manifests as a deficit in fasting and  
glucose-stimulated insulin secretion [18, 31, 21, 26, 32-34] which in turn is attributed to a 
decline/or inappropriate formation of pancreatic beta-cells (beta-cell mass) [35-39] and 
diminished beta-cell secretory capacity (beta-cell function) [40, 41]. Although the precise 
mechanisms and timeline by which insulin resistance and impaired insulin secretion interact 
to induce hyperglycemia still remain an active area of investigation, both factors are 
undoubtedly prominent features of T2DM and imperative for full manifestation of the disease 
(Figure 1). Thus, both abnormalities occur early in the progression of the disease but become 
more prominent as the disease progresses [22].  

 
 

Mechanisms and Consequences of Pancreatic Beta-Cell Failure  

in Type 2 Diabetes 

 
Impaired insulin secretion is a hallmark abnormality in T2DM and arises from an 

interplay between defective beta-cell secretory function and the loss (or inappropriate 
formation) of beta-cell mass [18, 31, 21, 26, 32-39]. The collective number of beta-cells in the 
pancreas is referred to as the beta cell mass, and the appropriate release of insulin by 
pancreatic beta cells as beta cell function, the terms that will be used hereafter in this chapter. 
The contributory role of defective beta-cell function versus beta-cell mass to beta-cell failure 
in diabetes remains an area of controversy [42, 43]. This is largely due to an inability to 
accurately measure beta-cell mass in-vivo in humans. However, some insights can be gleaned 
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from the pathology of the islet in T2DM and its precursor, impaired fasting glucose. Autopsy 
studies of pancreata from body mass index-matched patients with T2DM report a ~50% 
deficit in beta-cell mass in people with impaired fasting glucose, and a ~65% decrease in 
beta-cell mass in those patients with diagnosed T2DM [38]. Such observations imply that 
beta-cell loss is evident “early” in the development of diabetes in humans and worsens with 
progression of the disease. The next question to be addressed is what underlies the loss and/or 
inappropriate formation of beta-cell mass in humans with T2DM?  

The maintenance of sufficient beta-cell mass in humans depends on a complex interplay 
between early-life beta-cell formation, turnover of beta-cell mass during adulthood and beta-
cell loss as a consequence of apoptosis (Figure 2) [44-46]. The early-life formation of beta-
cell mass in humans occurs rapidly during the first several years of age and plateaus by 5-10 
years of age; with greatest expansion of beta-cell numbers occurring before age two years 
[47]. This occurs predominantly as a consequence of increase in beta-cell replication and 
subsequent expansion of islet size rather than islet numbers [47]. However there is evidence 
that postnatal beta-cell formation may also arise through sources independent of beta-cell 
replication (i.e. beta-cell neogenesis through differentiation from a putative progenitor “pool” 

in pancreatic ducts) [44, 48, 49]. Autopsy studies in humans also indicate that there is a broad 
range of beta cell mass in adults which becomes evident at the end of the early beta-cell 
growth phase, suggesting that early life formation of beta-cell mass is variable in humans and 
plausibly influenced by multiple genetic as well as epigenetic factors [47]. To this end, 
genome wide association studies report that variants in beta-cell genome controlling cell cycle 
regulation increase susceptibility to T2DM in humans, plausible through regulation of fetal 
and postnatal beta-cell formation [50]. In addition, aberrant intrauterine environment and 
subsequent growth restriction in animal models also leads to inappropriate beta-cell mass 
formation and predispose to development of T2DM; an observation that will be further 
explored in greater detail subsequently [51-55]. 

Although the greatest expansion of beta-cell mass in humans undoubtedly occurs in the 
first few years of life [47], beta-cell mass has the potential to expand during adulthood in 
conditions associated with increased metabolic demand such as pregnancy and obesity as 
compensation to overcome insulin resistance [56, 38]. Previous studies, primarily performed 
in juvenile rodents, have shown that beta-cell mass has the capacity to expand up to ten-fold 
by increasing cell replication upon induction of insulin resistance [57]. However recent work 
suggests that adult beta-cells lose their capacity for new beta cell formation due to epigenetic 
modifications of cell cycle machinery which restricts their ability to expand upon induction of 
insulin resistance [58-60]. Thus in response to obesity, as well as pregnancy, beta-cell mass in 
humans has been shown to increase modestly by 0.5-fold with no reported rise in the 
frequency of beta-cell proliferation [56, 38]. In contrast to the relatively modest increase in 
beta-cell mass following increased metabolic demand, to avoid hyperglycemia, beta cell 
secretory function must therefore expand several-fold in response to insulin resistance [20]. 
Thus induction of insulin resistance in humans creates a mismatch between modest potential 
for beta-cell mass expansion versus the need for substantial rise in secretory function, the 
latter increases the demand for insulin production, processing and secretion per beta cell. This 
conundrum creates the plausible precipitating factor that increases the vulnerability of the 
beta-cell to apoptosis by escalating beta-cell susceptibility to endoplasmic reticulum and 
oxidative stress [61-63]. 



Aleksey V. Matveyenko and Sherin U. Devaskar 310 

The deficit in beta-cell mass seen in patients with T2DM has also been attributed to  
beta-cell loss as a consequence of increased beta-cell apoptosis due to induction of 
endoplasmic reticulum and oxidative stress [38, 64-66]. This is supported by data  
from autopsy pancreas studies which demonstrate a several fold increase in the frequency of 
beta-cell apoptosis in T2DM patients with concomitant increase in the expression of 
endoplasmic reticulum stress markers (X-box-binding protein-1 and nuclear localized 
CCAAT/enhancer binding-protein homologous protein) [38, 65, 66]. In addition data from 
isolated pancreatic islets from patients with T2DM shows an increase in beta-cell apoptosis 
associated with increased oxidative stress characterized by alteration in manganese 
superoxide dismutase as well as Cu/Zn-superoxide dismutase gene expression.  

Although the exact etiology of increased beta-cell apoptosis in T2DM remains to be 
elucidated and is an area of active current investigation, a number of potential mechanisms 
have been proposed including toxicity due to prolonged exposure to high glucose levels  
(or glucotoxicity) [67, 68], high concentrations of free fatty acids (or lipotoxicity) [69, 70], 
and toxicity of the intracellular formation of human islet amyloid polypeptide (h-IAPP) 
oligomers (proteotoxicity) [62]. All three above-described pro-apoptotic mechanisms 
converge to induce beta-cell death via activation of the intrinsic (mitochondrial) pathway 
through induction of endoplasmic reticulum and/or oxidative stress culminating in 
mitochondrial membrane damage and activation of the caspase family of cystine proteases 
[71, 72, 67, 73, 66, 74, 75, 62, 76, 77].  

It is crucial to emphasize that pancreatic beta-cells are specialized secretory cells 
characterized by highly developed endoplasmic reticulum and reduced antioxidant capacity 
which is necessary to cope with extensive secretory protein production and processing  
[61, 78]. However, this makes beta-cells highly susceptible to endoplasmic and oxidative 
stress in response to conditions associated with increased beta-cell “workload” (i.e. insulin 
resistance). Thus induction of insulin resistance increases beta-cell vulnerability to apoptosis 
by increasing the metabolic demand per beta-cell for insulin and islet amyloid polypeptide 
synthesis/ processing thus increasing the probability of protein mis-folding and mitochondrial 
reactive oxygen species (ROS) formation [62, 79]. Moreover as T2DM ensues, constant 
exposure to a milieu of hyperglycemia and hyperlipidemia further contributes to beta-cell 
attrition through increased mitochondrial reactive oxygen species (ROS) formation leading to 
beta-cell secretory failure and cell apoptosis [69].  

 
 

Epidemiology of Early-Life Nutrient Restriction and Development of  

Type 2 Diabetes 

 
Maternal and early-life malnutrition remains a global health problem and is a major 

worldwide cause of intrauterine growth restriction (IUGR) [80]. The world health 
organization estimates that early-life malnutrition and subsequent IUGR remain a common 
occurrence in many parts of the world and afflicts nearly 115 million children worldwide. 
Although the global prevalence of early-life malnutrition is declining, many regions of the 
world still experience unprecedented high rates of malnutrition, such as regions of Asia where 
recent estimates put numbers of undernourished and underweight children around 71 million 
[80]. This is of particular importance since the same regions are also experiencing a 
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remarkable rise in the incidence of T2DM in adults; the link between these two entities is 
explored in this chapter.  

Although IUGR is more commonly caused by malnutrition in the developing world, in 
affluent countries IUGR is also common, but largely attributed to aberrant placental health 
[81].  

It has long been hypothesized that nutrient availability during fetal and early post-natal 
life may be an important determinant of adult health, an observation popularized by David 
Barker as the ‘Barker hypothesis” [82]. In these classic studies investigators utilized fetal 
birth weight as a surrogate for fetal nutrition and examined the correlation between low birth 
weight and the development of aberrant glucose homeostasis in adult life [13]. Seminal 
correlation studies were performed by Hales and colleagues in 64 year old men living in 
Hertfordshire (UK) who had records of birth and infancy weights [10]. Authors reported that 
these adult individuals with the lowest birth weight developed several fold increase in the 
incidence of glucose intolerance and T2DM compared to their “normal birth weight” adult 

counterparts [10]. Importantly, glucose intolerance and diabetes were more prevalent in obese 
adults compared to low-birth weight individuals who remained lean as adults. These 
observations have been since consistently reproduced by numerous investigators worldwide 
[13]. 

Although studies performed by Barker and colleagues provide correlative evidence 
supporting the role of early-life nutrition in adult susceptibility for T2DM, it has been 
suggested that the interpretation of these studies may be constrained by confounding factors 
[83]. For example, the use of birth weight records provided by midwife or hospital records 
allows for only limited information regarding fetal and maternal nutritional status [84, 85]. 
Specifically, birth weight (as well as body length and proportionality) have been shown to 
serve as relatively poor predictors of maternal and fetal nutritional status during pregnancy 
[86]. Furthermore, birth weight has been shown to significantly vary based on the timing of 
exposure and the pregnancy stage [84]. Secondly, in recent years the hypothesis has been 
further challenged by epidemiological researchers largely related to number of possible 
confounding factors associated with retrospective epidemiological data analysis with 
temporal data sets spanning multiple decades [14]. These potential confounding factors 
include population selection bias criteria as well as potential bias associated with the 
socioeconomic status [83]. Taken together, future work will be required to systematically 
address the role of early-life nutrient availability in adult susceptibility for T2DM in 
experimentally suitable human population [85]. Since, execution of these studies will entail 
difficult ethical challenges and take decades to complete; some important information can be 
gleaned from studies that retrospectively examined adult populations exposed to nutritional 
hardships due to wartime famines and/or seasonality of food availability.  

The Dutch famine of 1944-1945 provided a unique, albeit unfortunate, circumstance to 
examine effects of early-life nutrient deprivation on development of diabetes in adults [87]. 
As a consequence of German blockade of food transport, the population of western 
Netherlands was exposed to severe famine resulting in more than a 50% decrease in daily 
caloric rations from November 1944 to May 1945. Importantly, the famine took place in a 
population that previously had adequate access to food and food rations swiftly returned to 
normal upon the cessation of war in June 1945, thus making it possible to isolate effects of 
nutrient restriction to a specific period of gestation. Prenatal exposure to famine was 
associated with a higher incidence of glucose intolerance and subsequent susceptibility to 
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T2DM [88]. Importantly, as in the Hertfordshire cohort study, glucose intolerance and 
diabetes were more prevalent in the prenatal Dutch famine-exposed adults who were obese 
[10, 88].  

In a more recent report, investigators examined the association between fetal exposure to 
the Chinese famine of 1959-1961 and assessed the subsequent risk of developing T2DM 
during adulthood [89]. In this study, fetal exposure to famine doubled the risk of developing 
diabetes in adult life. Moreover, the association between fetal famine and subsequent 
hyperglycemia was enhanced in adult individuals exposed to excessive nutritional 
environments [89]. Interestingly, the association between fetal malnutrition and subsequent 
adult T2DM is not observed in all famine studies. The study of the Leningrad siege provided 
the association between fetal exposure to famine during 1941-1944 period when the calorie 
allowance dropped below 300 calories per individual, and in contrast to the Dutch and 
Chinese famine cohorts, severe intrauterine nutrient deprivation in the Leningrad study was 
not associated with the adult onset of hyperglycemia and glucose intolerance [90]. The 
apparent lack of association may be partly attributed to the relatively small sample size and a 
number of uncontrolled variations in the study design. 

Perhaps another plausible explanation behind this apparent discrepancy lies in nutrient 
availability during the postnatal period where in contrast to Dutch and Chinese famine 
exposed populations, the population of the Leningrad siege remained exposed to a relatively 
poor nutritional environment for many years following the famine. Thus a match between the 
prenatal and early postnatal nutritional environments may prevent adult onset diabetes. In 
contrast, a mismatch in these two periods of development as encountered in the Dutch and 
Chinese famines may predispose towards maladaptation resulting in diabetic adults 
(mismatch hypothesis). Indeed recent studies in animals and humans provide some support 
for the mismatch hypothesis [91-94]. For example, in rats and sheep maternal undernutrition 
followed by catch-up growth during the postnatal period is associated with reduced life-span 
as well as cardiovascular and metabolic perturbations including glucose intolerance [91, 92]. 
Similarly in humans, accelerated rate of postnatal growth was associated with adverse 
cardiovascular and metabolic health where slower postnatal growth was beneficial for long-
term health [93, 94]. Seasonality of birth is yet another epidemiological research tool used to 
highlight importance of fetal nutrition on the subsequent adult predisposition to diabetes [95]. 
Seasonality in food availability is still prevalent today in many developing countries. 
Interestingly, a recent study examining the seasonality of birth in adult T2DM patients from a 
large Ukraine cohort reported that individuals who experienced fetal life during months of 
nutrient deprivation (late autumn to spring) and postnatal months with abundant nutrition 
(spring to autumn) had the highest rate of T2DM [96]. This is consistent with the notion that 
intrauterine malnutrition increases the risk for development of T2DM in adulthood 
particularly in the face of abundant post-natal nutrient availability. This study gives credence 
to the mismatch hypothesis. On the other hand, individuals who underwent fetal development 
during a nutritionally abundant period (spring to autumn) and postnatal development exposed 
to months of nutrient deprivation (late autumn to spring) demonstrated decreased risk for 
developing T2DM [96]. This study suggests that nutrient restriction during the postnatal 
period (as perhaps observed in the Leningrad Siege study) may be protective against 
subsequent diabetes risk in adulthood. In summary, epidemiological evidence suggests that 
early-life nutrient restriction may be associated with development of glucose intolerance and 
T2DM in adulthood [97, 98, 10, 89, 88, 96, 13]. In addition, this association becomes more 
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pronounced in individuals exposed to plentiful nutritional environment during adulthood [10, 
89, 88], and masked in those who continue to live in nutrient-deprived states [90, 96] . The 
next question to be addressed is what physiological and molecular mechanisms underlie the 
association of early-life nutrient restriction and risk of hyperglycemia in adulthood? As 
previously reviewed, T2DM results as a consequence of the pancreatic beta-cell failure in 
response to insulin resistance; commonly attributed to obesity, aging and physical inactivity 
[15]. Ample evidence suggests that early-life nutrient availability is associated with adult 
insulin resistance which contributes to the increased risk for development of T2DM due to 
epigenetic influences in insulin-responsive tissues [99-102]. However, the focus of this 
chapter thereafter will be on the role of early-life nutrient restriction on induction of beta-cell 
failure in adulthood.  

 
 

Role of Early-Life Nutrient Restriction in Beta-Cell Failure  

and Type 2 Diabetes 

 
Susceptibility to glucose intolerance and T2DM following exposure to early-life nutrient 

restriction has been ascribed to inadequate fetal and early-life beta-cell mass formation and 
consequent predisposition to loss of beta-cell function and mass [10]. It is however difficult to 
directly address this hypothesis in humans. Firstly, ethical considerations and time constraints 
will preclude from performing randomized clinical trials examining the impact of early-life 
nutrient restriction on adult beta-cell mass formation and secretory function. Furthermore, to 
date it is not possible to non-invasively evaluate beta-cell mass in-vivo in humans. Thus, 
several clinical studies have utilized birth weight measurements as surrogates of maternal 
nutrition to subsequently evaluate beta-cell secretory function (insulin secretion) in childhood 
[103-111] and adulthood [112, 10, 113-117, 88, 118]. Most studies in children (4-12 years 
old) utilized either intravenous [103] or oral glucose tolerance test [104-108, 109] to assess 
beta-cell function. The majority of these studies report that low birth weight is associated with 
glucose intolerance which implies either an impairment in beta-cell function and/or insulin 
sensitivity [103, 104, 119, 105-107, 111]. Since hyperglycemia is the primary stimulus for 
insulin release, estimation of insulin secretion from oral or intravenous glucose tolerance test 
is often complicated by differences in prevailing glucose concentrations often observed 
between experimental groups. Furthermore evaluation of beta-cell function has to be 
performed in the context of prevailing insulin sensitivity since beta-cells readily respond to 
changes in insulin demand [16, 20]. Accordingly some studies have been able to overcome 
these limitations by estimating beta-cell function during oral glucose tolerance test as the ratio 
of the increment of plasma insulin to that of plasma glucose (insulinogenic index). On the 
other hand, to correct for variance in insulin sensitivity during glucose tolerance tests studies 
employed the measure of disposition index which estimates beta-cell secretory capacity in 
response to prevailing insulin demand by calculating the product of insulinogenic and insulin 
sensitivity indexes. Using these methodologies investigators report that children born small 
(for gestational age) exhibit lower insulinogenic and disposition indexes during the oral 
glucose tolerance test compared to normal birth weight counterparts [104, 119, 105]. These 
data suggest that early life nutrient restriction is associated with impairment in beta-cell 
secretory function and/or mass in children.  
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In one notable study Veening and colleagues [110] examined insulin secretion in a large 
cohort of prepubertal children born small for gestational age using a hyperglycemic clamp; a 
technique widely considered a gold standard measure of beta-cell secretory function in 
humans [120]. This method consists of continuous intravenous glucose infusion designed to 
elevate and “clamp” glucose at a set hyperglycemic level. Consequently, evaluation of insulin 

concentrations during matched hyperglycemia reflects a measure of beta-cell secretory 
function. Interestingly, Veening and colleagues [110] failed to observe differences in insulin 
secretion (even when corrected for insulin sensitivity) between children born small versus 
appropriate for gestational age. This observation is also supported by others [109] and 
suggests that early-life nutrient restriction may not influence beta-cell function and/or mass in 
children. These conflicting results in children are likely attributed to numerous factors known 
to influence measurements of beta-cell function in humans such as differences in 
methodology used to measure insulin secretion [120], as well as varying degrees of insulin 
sensitivity [109], body composition [121], and glucose tolerance [119] reported in children 
born small for gestational age. Furthermore, it is also important to point out that beta-cells in 
children, in contrast to adults, are able to maintain the capacity for post natal expansion of 
beta cell numbers mediated by cell replication [47, 59]. Thus it is plausible to postulate that 
insulin resistance and glucose intolerance in children born small for gestational age may 
promote compensatory increase in beta-cell proliferation and thus, at least temporary, 
compensate for inappropriate intrauterine beta-cell formation. Indeed, rodent models of 
intrauterine growth restriction are characterized by age-dependent decline in beta-cell 
secretory function and mass [123, 54, 55]. 

 Several studies in diverse cohorts have examined effects of early-life nutrient restriction 
on glucose tolerance and insulin secretion in adult (30-60 years old) humans [112, 10, 113-
117, 88, 118]. Consistent with previous work, low birth weight was shown to be associated 
with glucose intolerance and impaired beta-cell secretory function examined by insulinogenic 
index obtained from either oral [10, 116, 117] or intravenous [118] glucose tolerance tests. In 
a notable study by de Rooij et al. [124] investigators examined whether prenatal exposure to 
famine during the Dutch Hunger Winter of 1944-1945 was associated with diminished insulin 
secretion. Investigators reported that individuals exposed to famine during the midgestation 
period had a 53% lower insulin secretion (adjusted for insulin sensitivity) compared to 
unexposed controls. Taken together studies suggest that impaired glucose tolerance associated 
with early-life nutrient restriction appears to be mediated in part through a deficit in insulin 
secretion. Since it is not possible to date to non-invasively assess beta-cell mass in humans, 
future studies are required to delineate effects of early life nutrient restriction on adult beta-
cell mass and secretory function. Future advances in beta-cell imaging technologies will be 
obligatory to experimentally address this important question [125].  

Sufficient, albeit indirect evidence suggests that inadequate beta-cell formation in-utero 
may underlie susceptibility for T2DM in humans. Firstly, autopsy pancreas studies report that 
fetal and early life period is critical for adequate endocrine pancreatic development in humans 
[126-128]. Specifically, during the embryonic and fetal period there is a marked expansion of 
beta-cell numbers associated with near exponential rise in the fractional insulin-positive area 
of the pancreas between gestational week 9 and birth [128]. Thus by the time of birth nearly 
5% of the entire pancreas is already occupied by beta-cell area [47]. This marked expansion 
of beta-cell mass in humans during the embryonic and fetal period is attributed to beta-cell 
trans-differentiation from exocrine ducts (beta-cell neogenesis) and the subsequent increase in 
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beta-cell replication [129, 128]. Interestingly, the growth of the exocrine pancreas appears to 
primarily occur during the postnatal period thus further emphasizing the importance of 
embryonic and fetal period in endocrine mass development [128].  

Of note, beta-cell numbers in humans during fetal life, as well as during first years of life, 
show extensive range among subjects at similar stages of development [47, 128]. The 
importance of this observation is that it suggests that intrauterine environment may underlie 
the extent of beta-cell development and thus may be the precipitating factor in subsequent 
predisposition to T2DM. To this end, one report from autopsy human fetal pancreas 
acknowledges reduction in pancreatic endocrine cell mass taken from fetuses with severe 
intrauterine growth restriction [130]. This observation in humans is supported by clinical data 
showing that children as well as adults with low birth weight demonstrate impaired insulin 
secretion compared to their normal birth weight counterparts [104, 10]. Still, further studies in 
human are needed to establish direct evidence whether intrauterine nutrient environment 
determines adult beta-cell mass in humans, but for these studies to come to fruition significant 
advances in beta-cell imaging technology are required [125].  

 The vast majority of evidence relating intrauterine nutrient environment and subsequent 
predisposition to beta-cell failure in adulthood comes from animal experiments [131, 51, 132, 
133, 52-54, 134, 135, 55, 9] as outlined in Table 1.  

 
 

Table 1. Examples of animal experiments examining the role of intrauterine growth 

restriction in predisposition to beta-cell failure 

 

 
 

Table 1. Examples of animal experiments examining the role of intrauterine growth restriction in predisposition to beta-cell failure 

Animal/study size                       Applied interventions             Study outcome     References  

Rat (n=7 per group)   IUGR: 50% maternal food restriction (from d15 to birth)                Postnatal Day 1:  30%      in β-cell mass       52 

                 CON:   ad libitum                      40%    in insulin content 

                        Postnatal day 21: 40%      in β-cell mass 

                           25%     in insulin content 

 

Rat (n=5 per group)   IPGR:  50% maternal food restriction+50% postnatal food restriction Postnatal Day 21: 66%      in β-cell mass        53 

CON:   ad libitum                   Postnatal Day 90: 35%     in β-cell mass   

                                                                                                                                                             in β-cell replication 

 

Rat (n=5-10 per group)   IUGR: 50% maternal food restriction (from d15 to birth)                      Postnatal day 360: 50%      in β-cell mass (IPGR)       54 
IPGR: 50% maternal food restriction + 50% postnatal food restriction                        in fasting glucose (IPGR) 

CON:  ad libitum                     in beta-cell function (IPGR) 

                                                       

Rat (n=6 per group)           IUGR: 50% maternal food restriction (from d11 to birth)                       Postnatal day 21: 50%      in β-cell mass (IUGR)     138 

                                           IPGR:  50% maternal food restriction+50% postnatal food restriction                                50%      in β-cell mass (IPGR) 

              PNGR: 50% postnatal food restriction till day 21                         in β-cell mass (PNGR)                                                 

                              CON:   ad libitum          30%       in β-cell replication (IUGR) 

                                       80%      in β-cell neogenesis (IUGR) 

 

Rat (n=5-10 per group) LP: maternal low protein (8%) diet during last week of gestation           Gestation day 21: 50%       in β-cell mass       133 

   CON: ad libitum normal protein diet                 Gestation day 21: 50%      in β-cell replication 

 
 

Monkey (n=10 per group) DEX: maternal dexamethasone treatment (50-200ug/kg/day)                Postnatal day 360: 30%      in β-cell mass       146 

CON: vehicle treatment                    Postnatal day 360: 30%   in glucose tolerance 

 

Rat (n=10 per group)     IUGR: maternal uterine artery ligation from d19 to birth   Postnatal day 105: 40%     in β-cell mass    55,136 

            CON: sham surgery                                     in beta-cell replication 

            fasting glucose 

            glucose tolerance 

            beta-cell function 
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Figure 3. The role of pre and post-natal calorie restriction on beta-cell development. Body weight and beta-
cell mass expressed as a percentage of control (CON), in 50% intrauterine calorie restricted (IUCR), 50% 
postnatal calorie restricted (PNCR) and 50% intrauterine and postnatal calorie restricted (IPCR) 21 day old 
rats. Data are expressed as mean ± SE. *P<0.05 vs. CON. Data arises from reference [138]. Cross-fostering 
methodology was used to isolate effects of selective pre- and postnatal  
50% nutrient restriction upon beta-cell mass development during the postnatal beta-cell expansion period. 
Selective prenatal nutrient restriction (IUCR) resulted in a ~50% reduction in beta-cell mass compared to 
control rats. On the other hand, selective postnatal calorie restriction (PNCR) decreased body weight, but the 
beta-cell fractional area and beta-cell mass (adjusted for body weight) were comparable to control. These data 
highlight the variance in beta-cell mass formation relative to body weight which may be one factor 
underlying differences in predisposition to diabetes in pre vs. postnatal nutrient-restricted humans.  

Most of the studies have used a model of 50% maternal calorie restriction to subsequently 
examine postnatal beta-cell mass development in pups exposed to either normal or still 
restricted post-natal nutritional environment. Consistent with observational studies in humans, 
animals exposed to intrauterine calorie restriction and successive normal or restricted  
post-natal nutrition exhibit diminished beta-cell mass at birth (30-50% vs. control) as well as 
during early postnatal development (50-70% vs. control) [133, 52, 53, 135]. As these animals 
enter adulthood they are unable to adaptively increase beta-cell mass in response to rising 
metabolic demand and consequent insulin resistance. Thus they go on to develop the diabetic 
phenotype characterized by beta-cell failure due to inappropriate expansion of beta-cell mass, 
impaired insulin secretion, glucose intolerance and fasting hyperglycemia [131, 54]. 
Furthermore, adult diabetic phenotypic presentation is not restricted to intrauterine calorie 
restriction rat models alone. Animal models of intrauterine growth restriction due to bilateral 
uterine artery ligation also develop hyperglycemia as adults characterized by a significant 
reduction in beta-cell mass and beta-cell secretory function with aging [55]. Moreover in this 
model of intrauterine growth restriction, restoration of neonatal beta-cell mass by 
administering Exendin-4 (beta-cell trophic factor) prevents development of hyperglycemia 
[136].  

In one notable study investigators used cross-fostering methodology [137] to isolate 
effects of selective pre- and postnatal 50% nutrient restriction upon beta-cell mass 
development and turnover (Figure 3) [138]. Consistent with previous data, selective prenatal 
nutrient restriction resulted in a ~50% reduction in beta-cell mass development compared to 
control rats. On the other hand, selective postnatal caloric restriction resulted in decreased 
body weight, but beta-cell fractional area and beta-cell mass (adjusted for body weight) were 
increased compared to control (Figure 3). These data highlight that selective postnatal 
nutrient restriction primarily impacts development of the exocrine pancreas whereas selective 
prenatal nutrient restriction largely determines endocrine cell development [138]. These data 
therefore are consistent with previously discussed human studies examining seasonality of 



Mechanisms Underlying the Association between Early-Life Nutrient Restriction 317 

birth in adults with diabetes [139, 96] which showed that individuals who experienced fetal 
life during months of nutrient deprivation and postnatal months with excess nutrition had the 
highest rate of diabetes. On the other hand, individuals who underwent fetal development 
during a nutritionally abundant period and postnatal development exposed to months of 
nutrient deprivation appear to have a lower risk for diabetes as adults. Thus, variance in  
beta-cell mass formation relative to body weight may be one factor responsible for 
differences in predisposition to diabetes in pre vs. postnatal nutrient-restricted humans  
(Figure 3).  

In recent years molecular mechanisms responsible for impaired beta-cell mass formation 
in response to early-life nutrient restriction have come under increased investigation [12]. 
Pancreatic lineage arises from endodermal cells that have capacity to give rise to ductal, 
exocrine as well as endocrine cell lineages. The exact pancreatic cell fate is determined by 
complex interplay between cell specific transcription factors as well as epigenetic 
modifications [140]. Pancreatic and duodenal homeobox 1 (Pdx-1) is a critical transcriptional 
factor regulating embryonic pancreas formation as well as maintenance of beta-cell mass and 
function during the postnatal period and adulthood [141-143, 126]. Neurogenin-3 (Ngn-3) is 
another key transcription factor regulating embryonic beta-cell development and lies 
“upstream” of Pdx-1 expression. Specifically, Ngn-3 expression programs endocrine cell 
lineage and is important for development of endocrine cell mass [144]. Thus, genetic deletion 
of Pdx-1 is characterized by pancreatic amorphogenesis and targeted disruption of Ngn-3 
expression results in failed development of endocrine cell lineage [145, 126]. Thus, Pdx-1 and 
Ngn-3 positive cells in the developing pancreas have been collectively characterized as a 
“beta-cell progenitor pool”.  

It has been proposed that early-life nutrient restriction can result in a reduction of the 
embryonic beta-cell progenitor pool development leading to inappropriate post-natal beta-cell 
formation. In support of this premise an eloquent study by Stanger and colleagues reported 
that selective genetic reduction in the size of Pdx-1 pancreatic progenitor population during 
the fetal period results in impaired beta-cell formation during the postnatal period with 
consequent development of glucose intolerance and diabetes during adulthood [126]. 
Furthermore, maternal calorie restriction in rats leads to a significant reduction in the 
expression of both Pdx-1 and Ngn-3 pancreatic precursors during embryonic development, 
diminished postnatal beta-cell formation, and inability to expand beta-cell mass in response to 
metabolic stress [51, 53]. Notably, recent study has also demonstrated that maternal calorie 
restriction can diminish the postnatal expression of Pdx-1 and Ngn-3 in pancreatic exocrine 
ducts which have been suspected to harbor a putative pool of pancreatic beta-cell progenitor 
population in adult animals [138]. In concert with these findings, a model of intrauterine 
growth restriction due to bilateral uterine artery ligation is also characterized by embryonic 
and postnatal decrease in beta-cell Pdx-1 expression [12]. This decrease has recently been 
shown to be due to progressive epigenetic silencing of the Pdx-1 gene locus secondary to 
proximal promoter methylation [134, 136]. Since Pdx-1 expression has been shown to be 
critical for proper embryonic and postnatal beta-cell mass formation as well as proper  
beta-cell function in adulthood [141-143, 126], the reduction in Pdx-1 expression may be 
responsible for predisposition to beta-cell failure and diabetes in early-life nutrient restricted 
humans. Although it is unknown whether exposure to early-life nutrient restriction leads to a 
diminished pancreatic progenitor pool in humans (as in animal models), fetal pancreatic tissue 
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taken from fetuses with severe intrauterine growth restriction is characterized by a reduction 
in endocrine cell mass [130].  

 

 

Figure 4. Diagram outlining the role of early-life nutrient restriction in beta-cell failure. The maintenance of 
beta-cell mass in humans depends on proper fetal beta-cell formation, adequate postnatal beta-cell expansion 
as well as the ability to adaptively expand beta-cell mass in adulthood upon induction of insulin resistance 
without precipitating the increase in beta-cell apoptosis. Accumulating evidence suggests that the 
vulnerability to diabetes following exposure to early-life nutrient restriction is attributed to beta-cell failure 
characterized by inadequate beta-cell mass formation and maintenance during postnatal and adulthood 
periods. Specifically, maternal undernutrition has been shown to reduce the “beta-cell progenitor pool” 

associated with diminished expression of Pdx-1 and Ngn-3 positive beta-cell progenitors in the developing 
fetal pancreas. Subsequently, early-life nutrient restriction also leads to inappropriate expansion of beta-cell 
mass during the postnatal period largely caused by the inadequate rise in beta-cell proliferation and 
neogenesis. In adulthood, exposure to early-life nutrient restriction also results in the failed adaptive increase 
in beta-cell mass in response to insulin resistance, thus increasing the vulnerability of the remaining beta-cells 
to apoptosis by escalating beta-cell susceptibility to endoplasmic reticulum and oxidative stress.  

Maternal exposure to glucocorticoids has also been proposed to explain reduced 
embryonic and postnatal beta-cell mass formation following exposure to early-life nutrient 
restriction [9]. Severe reduction in maternal calorie intake increases fetal exposure to 
corticosterone in some animal models [51]. Thus, experimental maternal and/or fetal 
overexposure to glucocorticoids (via administration of dexamethasone) has been shown to 
impair both fetal and postnatal beta-cell formation in rodents as well as in non-human 
primates [51, 9, 146, 132]. In these studies fetal corticosterone concentrations are inversely 
correlated with beta-cell insulin content and postnatal beta-cell formation [132]. Evidence 
suggests that glucocorticoids can exert a direct effect on the developing fetal pancreas via 
transcriptional modulation of transcription factors involved in beta-cell formation and 
differentiation [9]. Indeed, glucocorticoid receptors are highly expressed in the pancreas of 
rodents and humans during embryonic development [9]. Specifically, glucocorticoids have 
the ability to repress Pdx-1 promoter activity and thus suppress fetal endocrine cell 
differentiation through repression of Pdx-1 expression. Thus, early life exposure to increased 
levels of glucocorticoids and consequent reduction in Pdx-1 positive beta-cell progenitors 
may be a mechanism underlying predisposition to beta-cell failure following early-life 
nutrient restriction in humans. Additional studies (particularly in humans) are urgently 
warranted to delineate exact molecular and physiological mechanisms responsible for  
beta-cell failure in individuals exposed to early life nutrient deprivation.  
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Conclusion 
 
Adequate access to prenatal nutrition remains a major predicament for millions of people 

worldwide. This problem is particularly evident in the developing countries of Southeast Asia 
which, interestingly, also are experiencing an epidemic of T2DM with the incidence of the 
disease projected to an exponential rise in the next decade. Indeed, epidemiological studies 
have established a correlation between early-life nutrient restriction and subsequent 
predisposition to T2DM in adulthood, particularly when prenatal nutrient restriction is 
followed by access to plentiful nutrition in adulthood. T2DM is a complex polygenic disease 
characterized by induction of hyperglycemia due to failure of maintaining adequate beta-cell 
mass and function to compensate for prevailing insulin resistance often associated with aging, 
obesity and pregnancy. The maintenance of sufficient beta-cell mass in humans depends on 
proper fetal beta-cell formation, adequate postnatal beta-cell expansion as well as the ability 
to adaptively expand beta-cell mass upon induction of insulin resistance without precipitating 
the increase in beta-cell apoptosis.  

Evidence mainly from animal studies suggests that vulnerability to T2DM following 
exposure to early-life nutrient restriction is attributed to beta-cell failure characterized by 
inadequate beta-cell mass formation and maintenance as graphically outlined in Figure 4. 
Specifically, maternal undernutrition has been shown to reduce the “beta-cell progenitor 
pool” associated with diminished expression of Pdx-1 and Ngn-3 positive beta-cell 
progenitors in the developing and early postnatal fetal pancreas. Subsequently, early-life 
nutrient restriction also leads to inappropriate expansion of beta-cell mass during the postnatal 
period largely caused by the inadequate rise in beta-cell proliferation and neogenesis. 
Moreover, exposure to early-life nutrient restriction also results in failed adaptive increase in 
beta-cell mass in response to insulin resistance, thus increasing the vulnerability of the 
remaining beta-cells to apoptosis by escalating beta-cell susceptibility to endoplasmic 
reticulum and oxidative stress. In the future, it will be imperative to confirm whether beta-cell 
failure also underlies susceptibility to T2DM in humans exposed to early-life nutrient 
restriction which will be critical for the development of novel therapeutic strategies for these 
individuals. Further, markers of beta cell failure in this high risk population have the 
propensity of serving as biomarkers that may herald early interventions towards preventing 
the development of T2DM during adult life.  
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