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FOREWORD 

When I was a medical student taking biochemistry, a professor and an expert in protein folding explained from the 
lecture. “I don’t expect you to remember how proteins fold. I am here to show you a window by which you judge 
the world.” I am a busy clinical cardiovascular surgeon and not a molecular biochemist but I often look through his 
window and postulate how protein conformation could relate to antigen presentation in transplantation immunology, 
how proteins stick to surfaces of our extracorporeal membrane oxygenation circuits, and how genetic alterations 
result in abnormal protein conformations affecting tissue integrity.  

Effective translational research requires that clinicians frequently refresh their view through many basic science 
windows. I have witnessed many successful translational research efforts in various institutions that I have been 
fortunate to be a part, e.g. Johns Hopkins Hospital, Mayo Clinic, University of Pittsburgh Medical Center, and Heart 
Science Center at Harefield, UK.  

This book attempts to provide a similar integrative window view to a problem with international research interests 
larger than any institution. It is a collection of precise research into the mechanism of fetal oxidative stress, temporal 
susceptibility to the insult, and long-term sequelae. It is only through forums, like this, that the work of various 
laboratories is inextricably linked towards the common goal of disease prevention. 

There are much epidemiological evidences that various environmental factors are associated with an increased 
incidence of fetal congenital abnormalities. These include maternal alcohol and cocaine abuse, exposure to radiation, 
exposure to pesticides, temporal exposure to certain medications (teratogens), advanced maternal age, maternal 
morbid obesity, and markedly elevated maternal hemoglobin A1c. The understanding of these and other associations 
have contributed greatly towards improved maternal and fetal health in the 20th century on individual basis. In 
summary, a real prevalence of fetal congenital abnormalities in the 21st century remains there. The key link remains 
undefined. Is it fetal oxidative stress? 

In allopathic medicine, we treat end stage disease at an organ level medically or surgically often decades after the 
causative insult. This represents an enormous disconnect. It is quite inefficient and certainly not cost effective. Drs. 
Matata and Elahi present a laudable effort in reducing this disconnection. The search for prevention continues in 
many disease processes. Ultimately, the understanding requires a molecular approach for a complete picture. I 
applaud the contributing authors for their most valuable insights.  

Kenton J. Zehr, M.D. 

Chief, Division of Cardiothoracic Surgery 
Director, Center for Aortic Disease 

Scott & White Clinic 
Professor of Surgery 

Texas A & M University, Health Science Center, School of Medicine 
Temple, Texas 
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PREFACE 

Reactive oxygen species (ROS) are produced as by-products of mitochondria electron transport chain. At moderate 
concentrations (yet unknown acceptable ranges at various developmental phases), ROS functioned in normal physiology 
by regulating enzymes and redox-sensitive gene expression. The cell utilizes a body of machinery to balance oxidative 
molecules, including ROS scavengers (e.g., thiols, vitamin C and E) and detoxifying enzymes (e.g., superoxide 
dismutase, glutathione reductase). Excessive ROS can cause oxidation of proteins, lipids, and DNA. It is known that 
such unbalanced oxidative capacity may lead to oxidative stress that is implicated in the aetiology of many diseases such 
as aging, cancer, diabetes, and cardiovascular disease.  

Oxidative stress is a common feature of many commonly known or suspected risk factors of or conditions associated 
with adverse (poor or excessive) fetal growth and/or preterm birth, such as preeclampsia, diabetes, smoking, malnutrition 
or excessive nutrition, infection or inflammation. Plausibly, oxidative stress might be the key link, underlying the 
superficial “programming” associations between adverse fetal growth or preterm birth and later elevated risks of the 
metabolic syndrome, type 2 diabetes and other disorders. Adverse programming may occur without affecting fetal 
growth, but more frequently among low birth weight infants, merely because they more frequently experience known or 
unknown conditions with oxidative insults.  

Oxidative stress programming may operate either directly through the modulation of gene expression or indirectly 
through the adverse effects of oxidized lipids or other molecules at critical developmental windows and therefore 
resetting/programming the susceptibility to the metabolic syndrome and other disorders. Because the placenta serves as a 
barrier against or quencher of oxidative insults to maintain the homeostasis of foetus’ intrauterine environments, it is not 
a surprising observation that preterm infants are more susceptible to programming in early postnatal life, because preterm 
infants have to experience equivalent intrauterine development stage during postnatal development in an oxygen-rich 
environment. This fact justifies the main goal of this book: to investigate the susceptibility of biological systems to 
oxidative insults that likely depends on its resilience and maturity stage at the time of insult. And develop that there could 
be different critical time windows (prenatal or even postnatal) in “programming” different diseases. Plausibly, prenatal 
and early postnatal periods are the most critical “windows” to oxidative stress programming insults. 

The first chapter offers to the reader a self-contained theory of the role of maternal nutrition and associated oxidant stress 
in the development of the fetal cardiovascular system. Chapters 2-4 contain new and in our opinion, important concepts 
on the effects of maternal nutrition on a number of areas: offspring fertility; the importance of the peri-conceptional 
period on long-term development; fetal programming and hypothalamic-pituitary-adrenal axis outcome and epigenetics 
and epigenetic dysregulation and cell growth retardation. In chapter 5, the authors discuss more precisely the endothelial 
dysfunction during cardiac development and the significance of cardiovascular disease risk factors associated with 
increased ROS and the subsequent decrease in vascular bioavailability of nitric oxide. A detailed body of evidence is 
presented for the impact of oxidative-nitrosative stress during maternal pregnancy on fetal development in animal 
models and also the association with the onset of cardiovascular conditions in adult humans. Specifically the presence of 
ROS in circulating blood as the key intermediary related to vascular injury and organ dysfunction has been highlighted. 
In addition, the evidence that describes the unique nature of relationship between cell-signalling, transcriptional 
mechanisms and oxidative-nitrosative stress in the progression of coronary heart disease have also been discussed.  

In chapters 6-9, the focus is on the fetal and neonatal programming based on evidence from clinical practice. In 
particular, the discussion revolves around the probability of oxidative stress and its contribution to the pre-pubertal 
environment. As mentioned earlier the aim if this monograph is two folds: first to discuss the issues around maternal and 
fetal metabolic dysfunction in pregnancy disease and its association with vascular oxidative and nitrosative stress. 
Second to introduce this textbook as an avenue for future discussion on possibilities of further developments in this area, 
with a view that a diversity of opinions have been covered particularly in the direction in which the current research is 
moving. 

The first editor (BM) would like to dedicate this book to his wife Aliya, children Luqman, Leila and Claire for their 
support. In addition, this editor would like to acknowledge the help of Ms Shirley Ratcliffe for assistance in editing the 
manuscripts.  
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The second editor (ME) would like to dedicate this book to his mother Mrs Fehmida Sultana who always helped him, not 
only in overcoming many difficulties in his personal life, but she also encouraged him to broaden his fields of interest 
and to enrich his personal experiences. The present book is the outcome of this wonderful cooperation and friendship 
between the two authors which, hopefully, will continue for still many years to come. 

We would like to thank Prof. Kenton Zehr for writing the foreword and Bentham Science Publishers, for their support 
and efforts.  

Bashir M. Matata 
Department of Cardiothoracic Surgery 

Prince of Wales and Sydney Children Hospital 
Randwick, NSW 

Australia 

Maqsood M. Elahi 
The Liverpool Heart & Chest Hospital NHS Foundation Trust 

Thomas Drive, Liverpool 
United Kingdom 
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CHAPTER 1 

Fetal Programming of Disease Process in Later Life- Mechanisms beyond 
Maternal Influence 

Maqsood M. Elahi1 and Bashir M. Matata2* 

1Department of Cardiothoracic Surgery, Prince of Wales and Sydney Children Hospital, Randwick, NSW, Australia 
and 2The Liverpool Heart & Chest Hospital NHS Foundation Trust, Thomas Drive, Liverpool, United Kingdom 

Abstract: Cardiovascular disease (CVD) is the leading cause of death worldwide and is the principal cause of 
early death in developing countries. The acceleration of the epidemic of early CVD is thought to include genetic 
factors as well as demographic factors such as lifestyle changes and nutritional transitions. CVD prevalence is a 
consequence of the interaction between the distribution of relative genotype frequencies and environmental 
exposures of a particular population. Although, the biological determinants of CVD and metabolic disorders in 
low and middle income countries are likely to be similar to those in affluent countries, the drivers of these 
determinants are likely to differ. In accordance with the developmental origin of health and disease (DOHaD) 
hypothesis adverse intrauterine influences such as poor maternal nutrition lead to impaired fetal growth, resulting 
in low birth weight, short birth length, and small head circumference. These adverse influences are postulated to 
also induce the fetus to develop adaptive metabolic and physiological responses. These responses, however, may 
lead to disordered reactions to environmental challenges as the child grows, with an increased risk of glucose 

intolerance, hypertension, and dyslipidaemia in later life and adult CVD as a consequence. This chapter discusses 
some of the possible links between programmed development and oxidative stress as one of the underlying 
mechanisms involved in the DOHaD phenomenon. 

Keywords: Antioxidants, Fetal origin, congenital anomalies, premature birth, diabetes, cardiovascular disease, 
metabolic syndrome. 

INTRODUCTION 

As the first decade of 21st century draws to a close, it is clear that cardiovascular disease (CVD) is still a ubiquitous 
cause of morbidity and a leading contributor to mortality in the world [1,2]. It is now widely realized that at present, 
the developing countries contribute a greater share to the global burden of CVD than the developed countries [3,4]. It 
is estimated that 5.3 million deaths attributable to CVD occurred in the developed countries in 1990, whereas the 
corresponding figure for the developing countries ranged between 8 to 9 million (i.e., a relative excess of 70%) [3,4]. 

Regional estimates of CVD mortality indicate that the difference would be even higher if the term "developed 
countries" is restricted to established market economies only and excludes the former socialist economies (Table 1). 

Table 1: Regional Differences in Burden of CVD (1990). DALY Indicates Disability-Adjusted Life Year 

Region Population, 
millions 

CVD Mortality, 
thousands 

Coronary Mortality, 
thousands 

Cerebrovascular 
Mortality, thousands 

DALYs Lost, 
thousands 

Developed regions 1144.0 5328.0 2678.0 1447.9 39 118 

Developing regions 4123.4 9016.7 2469.0 3181.2 108 802 

Established market 
economies 

797.8 3174.7 1561.6 782.0 22 058 

Former socialist economies 346.2 2153.3 1116.3 665.9 17 060 

India 849.5 2385.9 783.2 619.2 28 592 

China 1133.7 2566.2 441.8 1271.1 28 369 

 

*Address correspondence to Bashir M. Matata: Liverpool Heart & Chest Hospital NHS Foundation Trust, Thomas Drive, Liverpool, L14 
3PE, UK; Tel +44 151 600 1380; E-mail: matata_bashir@hotmail.com 
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Table 1: cont.... 

Other Asian countries and 
islands 

682.5 1351.6 589.2 350.4 17 267 

Sub-Saharan Africa 510.3 933.9 109.1 389.1 12 252 

Middle Eastern crescent 503.1 992.3 276.6 327.4 12 782 

Latin America 443.3 786.7 269.1 224.1 9538 

Adopted from Murray and Lopez [3]. 

This high, yet inadequately recognized, contribution of developing countries to the absolute burden of CVD is 
illustrated by the fact that 78% of the 49.9 million global deaths from all causes occurred in regions other than the 
established market economies or former socialist economies (Table 2).  

Table 2: Shows Regional Contributions to Mortality (1990). Values are Given as Percentage of World Total 

Region All causes % CVD % 

Established market economies 14 22 

Former socialist economies 8 15 

India 19 17 

China 18 18 

Other Asian countries and islands 11 9 

Sub-Saharan Africa  10 7 

Middle Eastern Crescent 9 7 

Latin America 6 5 

World 100 100 

Adopted from Murray and Lopez [3]. 

During last decade of 20th century, the projected relative contribution of CVD deaths to total mortality was higher in 
the developed countries (nearly 49%) than that in the developing countries (nearly 23%). Yet the developing 
countries actually contributed 68% to the total global deaths due to non-communicable diseases and 63% of world 
mortality due to CVD. This is because the excess total mortality in the developing countries was translated into 
excess absolute CVD mortality due to the large populations involved [3,4]. Moreover, a greater cause for concern is 
the early age of CVD deaths in the developing countries compared with the developed countries e.g. the proportion 

of CVD deaths occurring below the age of 70 years is 26.5% in the developed countries compared with 46.7% in the 
developing countries3-4 and even larger for India (52.2%) [3,4]. 

Therefore, the contribution of the developing countries to the global burden of CVD, in terms of disability adjusted 
years of life lost, is 2.8 times higher than that of the developed countries (Table 1).  

Although there are inadequacies and imperfections of cause-specific mortality ascertainment methods currently used 
in many developing countries, the conservative assumptions made by the analysts suggest that this pattern will 
become even more pervasive as the CVD epidemic accelerates in many developing regions of the world, even as it 
retains its primacy as the leading public health problem in the developed regions [5-8]. A considerable cause for 
alarm is the projected rise in both proportional and absolute CVD mortality rates in the developing countries over the 
next 25 years [6-9]. Reasons for this anticipated acceleration of the epidemic includes genetic factors as well as 
demographic factors including lifestyle changes and nutritional transitions.  

GENETIC FACTORS 

It is increasingly recognized that CVD prevalence is a consequence of the interaction between the distribution of 
relative genotype frequencies and environmental exposures of a particular population [10,11]. It is suggested that 
distribution of such relative frequencies of genotypes involved in determining the distribution of individual 
susceptibilities to CVD is dependent on the number of segregating susceptibility genes, the number of alleles of each 
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gene, their relative frequencies, and the correlation between alleles of each gene and alleles of different genes [12-
14]. There are hundreds of genes known to have functional allelic variations that might contribute to determining an 
individual’s susceptibility to CVD and all functional variations in a particular gene are not expected to be present in 
all populations [10-14]. Because new DNA variations arise in isolation and their chance, selection, and migration 
work as "filters" in each population to modify the relative frequencies of genetic variations in evolutionary time, 
different populations will have different combinations of DNA variations [15,16]. Therefore different combinations 

of susceptibility genes will be involved in determining CVD risk in different individuals in different families and is 
always difficult to relate such different combinations of susceptibility genes to the CVD risk. However, only few 
genetic studies of common multifactorial diseases recognize the importance of this question [17,18].  

In 2004, the INTERHEART study examined the influence of nine risk factors for CVD [19] and reported that 
smoking, diabetes, hypertension, obesity, diet, inactivity, no alcohol intake, ApoB: ApoA1 ratio and psychosocial 
factors accounted for 90-94% of population-attributable risk. Based on this model, the authors [19] suggested that 
populations with all these risk factors are 337 times more likely to suffer cardiac disease than populations with none. 
In addition to these risk factors (which may themselves be genetically determined), a positive family history 
increases coronary artery disease (CAD) and myocardial infarction (MI) risk to 2-3.9 fold [20].  

Until recently, such attempts to identify the genetic associations used either candidate gene or linkage studies. The 
former examines variations in a low number of known, plausibly associated genes in affected cases and controls, and 
while linkage studies assess affected families/sibling pairs using microsatellite markers to define a genomic region 
linked to the phenotype. So far, these approaches have been applied with great success to identifying causative 
mutations in monogenic cardiovascular diseases, such as hypertrophic cardiomyopathy and long QT syndrome [21-
24]. However, the complex interplay between environment and genetics demonstrated in INTERHEART made it 
clear that similar approaches are unlikely to identify the poorly penetrant and multiple causative genes that account 
for non-Mendelian diseases, such as CVD. Although in rare occasions CVD can also be inherited in a Mendelian 
fashion (predominantly in conditions leading to elevated LDL), this only accounts for a small proportion of incident 
cases [25], most of which are likely to be polygenic. Linkage studies of non-Mendelian CVD have provided some 
biased associations [26-34], conspicuously lacked reproducibility between cohorts, suffered from poor statistical 
power and lacked detailed genomic mapping provided by conventional microsatellite markers. 

Recent technological advancement, coupled with greater understanding of the structure of the human genome 
derived from genome sequencing projects [35-37], now make unbiased whole-genome association studies (GWAS) 
possible [38]. The International Haplotype Mapping project [39] identified hundreds of thousands of single 
nucleotide polymorphisms (SNPs), assessed their degree of linkage disequilibrium (the degree to which a SNP 
predicts the DNA flanking it). It is reported that genotyping 0.008% of an individual's nucleotides (250 000-350 000 
in total) is able to identify an individual genome [40]. This technological advance led the Wellcome Trust Case 
Control Consortium and others to perform SNP-based GWAS on patients with CAD compared with matched 
controls [41]. For example the most reproducible locus conferring increased risk of CAD is situated on chromosome 
9 (locus 9p21.3) [42-44] and increases risk by approximately 1.2 for a single copy (1.5 in the 25% of the population 
who carry two copies) [45]. Interestingly, unlike other regions associated with surrogate risk factors for CAD, such 
as C-reactive protein (CRP) [46], adiposity [47] and left ventricle (LV) mass [48], the 9p21.3 locus does not affect 
such risk factors, suggesting that it promotes CAD in a non-canonical manner. However, studies are suggesting that 
SNP-based GWAS knowledge provides no additional benefit [49], despite the availability of genotyping via the 
internet. First because loci such as 9p21.3 confers effect by altering the regulatory region of DNA [42]; second the 
involved region that overlaps a non-coding RNA named ANRIL, only conserve in primates and not other mammals 
or lower organisms and third the associations of some loci (e.g. 9p21.3 locus) are also present in conditions such as 
dementia [50] and stroke [51], rather than specifically CAD. Therefore, incorporation of risk-conferring alleles such 
as 9p21.3 and others into a CAD prediction algorithm is still not clear and thus remains to be substantiated in terms 
of its true importance under the current models and on clinical parameters [52].  

DEMOGRAPHIC FACTORS 

In the second half of the twentieth century, most developing countries experienced a major surge in life expectancy 
[53]. For example, the life expectancy in India rose from 41.2 years in 1951-1961 to 61.4 years in 1991-1996. This 
was principally due to a decline in deaths occurring in infancy, childhood, and adolescence.  
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This was also related to more effective public health responses to perinatal, infectious, and nutritional deficiency 
disorders and to improved economic indicators such as per-capita income and social indicators such as female 
literacy in some areas. Although much remains to be done in these areas, the demographic shifts have augmented the 
ranks of middle-aged and older adults.  

The increasing longevity provides longer periods of exposure to the risk factors of CVD resulting in a greater probability 

of clinically manifest CVD events [54]. The concomitant decline of infectious and nutritional disorders (competing 
causes of death) further enhances the proportional burden due to CVD and other chronic lifestyle-related diseases.  

This shift, representing a decline in deaths from infectious diseases and an increase in those due to chronic diseases, 
is often referred to as the modern epidemiological transition [8,9]. The ratio of deaths due to pre-transitional diseases 
(related to infections and malnutrition) to those caused by post-transitional diseases (e.g., CVD and metabolic 
disorder) varies among regions and between countries, depending on factors such as the level of economic 
development and literacy as well as availability and access to health care.  

The direction of change towards a rising relative contribution of post-transitional diseases is, however, common to 
and consistent among the developing countries [9]. The experience of urban China, in which the proportion of CVD 
deaths rose from 12.1% in 1957 to 35.8% in 1990, is illustrative of this phenomenon [55]. 

The United Kingdom itself is a diverse society with 7.9% of the population from minority ethnic groups (Africa, 
Middle-East, Indian Subcontinent, South America and Chinese region) [56]. The causes of the excess CVD and 
metabolic disorder morbidity and mortality in minority ethnic groups are incompletely understood by socio-
economic factors. 

However, the role of classical CVD risk factors is clearly important despite the patterns of these risk factors varying 
significantly by ethnic group. Moreover, the CVD epidemiology of African Americans does not represent well the 
morbidity and mortality experience seen in black Africans and black Caribbean’s, both in Britain and in their native 
African countries.  

In particular, atherosclerotic disease and coronary heart disease are still relatively rare in the latter groups. This is 
unlike the South Asian Diaspora which has prevalence rates of CVD in epidemic proportions both in the Diaspora 
and on the subcontinent [56].  

Data for population surveillance of CVD and metabolic disorders are limited in many countries. The World Health 
Organization (WHO) has set up a range of projects aimed at improving the amount and quality of relevant data [57]. 
The Surveillance of Risk Factors (SuRFs) project, launched in 2003, presents chronic disease risk factor profiles 
from 170 WHO member states. These data include patterns of physical inactivity, low fruit/vegetable intake, obesity, 
blood pressure, cholesterol, and diabetes [58].  

The most recent report SuRF2 enables country comparisons for these data [59]. Fig. (1) shows data on the 
percentage of adults in the different countries of Southeast Asian Nations with body mass index (BMI) >30 kg/m2.  

The variation is marked and it is interesting to note that two of the poorest countries in the region, Laos and 
Myanmar, have severe obesity rates comparable with some of the wealthiest. On the other hand, Singapore, the most 
developed country in the region does not suffer from obesity epidemic. 

Although, the biological determinants of CVD and metabolic disorders in low and middle income countries are 
likely to be similar to those in affluent countries, [60] the drivers of these determinants are likely to differ. For 
example, rural-urban migration may be an important factor in promoting the adoption of Western dietary habits and 
activity patterns, leading to an increased CVD risks.  

Socioeconomic patterns of disease risk, so well established in affluent countries, are more complex in some low and 
middle income countries [60-62]. New opportunities to use large demographic surveillance projects as tools to study 

CVD and metabolic disorders are emerging rapidly as part on the work of INDEPTH (International Network of field 
sites with continuous Demographic Evaluation of Populations and their Health in developing countries) [63].  
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Figure 1: Use of WHO web Global InfoBase [58,59]: Obesity (BMI > 30 kg/m2) in the Association of Southeast Asian Nations 
in 2002. 

Even with such studies of understanding of determinants for rising CVD/ metabolic disorder epidemic and 
explaining such differences as to how rural-urban migration increases risks of obesity, diabetes, and CVD- will not 
be possible. One important caveat to looking at such data is to study the role of impaired early growth, resulting from 
fetal and infant nutrition operating at different stages of the life course [64,65], an issue that particularly applies to 
when defining the causality of this problem.  

NUTRITIONAL TRANSITION AND LIFE STYLE CHANGES 

Another concern is that if population levels of CVD risk factors rise as a consequence of adverse lifestyle changes 
accompanying industrialization and urbanization, the rates of CVD mortality and morbidity could rise even higher 

than the rates predicted solely by demographic changes.  

It is suggested that both the degree and the duration of exposure to CVD risk factors would increase due to higher risk 
factor levels coupled with a longer life expectancy. An increase in body weight (adjusted for height), blood pressure, 
and cholesterol levels in Chinese population samples aged 35 to 64 years, between the two phases of the Sino-
MONICA study (1984 to 1986 and 1988 to 1989) and the substantially higher levels of CVD risk factors in urban 

population groups compared with rural population groups in India provide evidence of such trends [54,55,66,67].  

A cross-sectional survey of urban Delhi and its rural environs revealed that a higher prevalence of CHD in the urban 
sample was associated with higher levels of body mass index, blood pressure, fasting blood lipids (total cholesterol, ratio 
of cholesterol to HDL cholesterol, triglycerides), and diabetes.54 The increasing use of tobacco in a number of developing 
countries will also translate into higher mortality rates of CVD, CHD and other tobacco-related diseases [68,69]. 

As reviewed by Drewnowski and Popkin [70] the global availability of cheap vegetable oils and fats has resulted in 

greatly increased fat consumption among many countries.  

The transition now occurs at lower levels of the gross national product than previously and is further accelerated by 
rapid urbanization. For example, the proportion of upper-income persons who were consuming a relatively high-fat diet 
(>30% of daily energy intake) rose from 22.8% to 66.6% between 1989 and 1993 in China. The lower- and middle-
income classes also showed a rise (from 19% to 36.4% in the former and from 19.1% to 51.0% in the latter) [68].  

These countries, with a diet that is traditionally high in carbohydrates and low in fat, have shown an overall decline 
in the proportion of energy from complex carbohydrates along with the increase in the proportion of fat [71]. The 
globalization of food production and marketing is also contributing to the increasing consumption of energy-dense 
foods poor in dietary fibre and several micronutrients [71]. 
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THE COMPLEXITY OF THE PROBLEM 

The prior discussion in sections 1.1 -1.4 hence shows that CVD has a complex multifactorial aetiology leading to a 
reappraisal of the ways in which three key factors- genome, development and environment- influence the adult 
phenotype, including the individual’s susceptibility to disease. Neither genetic makeup nor exposures to adverse 
environments predict with certainty the onset, progression, or severity of CVD. Disease develops as a consequence of 
interactions between the "initial" conditions, coded in the genotype, and exposures to environmental agents indexed by 
time and space [72-74] that are integrated by dynamic, regulatory networks at levels above the genome [75].  

The interaction of an individual’s environmental experiences with her/his genotype determines the history of her/his 
multidimensional phenotype, beginning at conception and continuing through adulthood (Fig. 2).  

At a particular point in time, each genotype has a range of possible phenotypes determined by the range of possible 
environmental histories. The phenotype of an individual to react to contemporary environments in a particular 
environmental niche, at a particular point in time, is influenced by the phenotype produced by previous genotype-
phenotype combination. The figure illustrates this relationship, by collapsing an individual’s phenotype into single 
dimension, showing two of the many possible phenotype histories for a given genotype. The consequence of these 
interactions with exposures to environmental agents indexed by time and space is that many individuals who have a 
genotype that predicts an increased risk of CVD will remain healthy because of exposures to compensatory 
environments. The converse will also be true: individuals who have a genotype that has a low risk of CVD might 
develop disease because of an adverse environmental history.  

 

Figure 2: Adopted with Permission from Sing et al., [76]. 

CVD research has revealed tens of high-risk environmental factors and hundreds of genes, each with many variations 
that influence disease risk. The phenotypic measures of health are constantly being shaped, changed, and transposed 

as a consequence of epigenetic networks of cellular and organismal dimensions that change over the lifetime of the 
individual. At the level of the cell, these networks influence DNA methylation and repair; they also serve to organize 
coordinated responses to heat-shock, oxygen deprivation, and other environmental changes [77]. The relationships 
between these subsystems influence the trajectory of an individual’s phenotype to influence the expression of the 
participating genes [78-80] (Fig. 3).  

This figure shows how a particular multigene genotype is connected to the domain of potential CVD phenotypes through 
the primary biochemical and physiological subsystems. The important role that biochemistry and physiology play in the 
connections between the genome and disease phenotypes brings into question the utility of the overused, simplistic view 
that the genome produces an independent, isolated, and fixed one-way flow of information from genome to phenotype. 

Studies have suggested that different ethnic groups that live in the same geographic areas and share similar environmental 
risks have different profiles of disease markers and prevalence, which may propose a genetic cause for differences in 



Developmental Origins of Health and Disease An Overview of Association with Oxidative Stress   9 

disease susceptibility [81,82]. Yet, with some notable exceptions [83] few ancestry-specific alleles have been discovered 
that can explain particular pathologies. Other explanations of both inter-individual and ethnic differences in disease risk, 
therefore, need to be considered. Of note, high incidences of metabolic disease are found in those ethnic groups in which 
the average birthweight is low84 or the rates of gestational diabetes and maternal obesity are high [85].  

 
Figure 3: Adopted with Permission from Sing et al., [76]. A Model for an Individual’s Propensity to Develop CVD such as 
Coronary Artery Disease 

Untangling the effects of genes from those of environmentally determined developmental processes is not 
straightforward. Importantly, fetal nutrition does not equate to maternal food intake, but rather is dependent on maternal 
metabolism, cardiovascular function and, particularly, placental function [86]. The long-lasting changes in 
developmental trajectory that underpin altered susceptibility to disease may arise, at least in part, from epigenetically 
mediated alterations in gene expression. Whereas compelling evidence supports both the developmental origins of health 
and disease and the underlying epigenetic mechanisms, [87] many features of the latter remain insufficiently understood.  

These elements include the differences among epigenetic mechanisms across species and between patterns of epigenetic 
modifications on paternal and maternal genomes, the mechanisms that regulate the establishment, stability and flexibility 
of epigenetic changes, and the precise connection between an epigenetic change, altered gene expression and the resultant 
phenotype for CVD epidemic in countries [72-80]. The hypothesis is currently recognised as "Developmental origins of 
Health and Disease” (DOHaD) and requires particular understanding before proceeding further with this subject. 

DEVELOPMENTAL ORIGINS OF HEALTH AND DISEASE 

DOHaD hypothesis states that adverse intrauterine influences such as poor maternal nutrition lead to impaired fetal 
growth, resulting in low birth weight, short birth length, and small head circumference. These adverse influences are 

postulated to also induce the fetus to develop adaptive metabolic and physiological responses. These responses, 
however, may lead to disordered reactions to environmental challenges as the child grows, with an increased risk of 
glucose intolerance, hypertension, and dyslipidaemia in later life and adult CVD as a consequence [88-94]. Although 
some supportive evidence for the hypothesis has been provided by observational studies, [95-99] it awaits further 
evaluation for a causal role. If it does emerge as an important risk factor for CVD, the populations of developing 
countries will be at an especially enhanced risk because the vast numbers of poorly nourished infants who have been 
born in the past several decades now suffer a threat through an over-nourished rich environment. The steady 
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improvement in child survival will lead to a higher proportion of such infants surviving to adult life, when their 
hypothesized susceptibility to vascular disease may manifest itself [100-109]. 

ORIGINS OF THE HYPOTHESIS- HISTORICAL PERSPECTIVE 

The "early or fetal origin of adult disease hypothesis” originally proposed by Barker and colleagues in Southampton, 
United Kingdom, suggested that environmental factors, particularly nutrition, act in early life to program the risks 
for the early onset of cardiovascular and metabolic disease in adult life and premature death [88,89, 93,94, 110,111].  

Before the fetal origins hypothesis was articulated, an association between early life events and later cardiovascular 
disease had been proposed on more than one occasion. In 1934, Kermack et al. [112] demonstrated that death rates 
from all causes in the United Kingdom and Sweden fell between 1751 and 1930. The authors concluded that this was 
the result of better childhood living conditions during this period. Subsequently, Forsdahl [113] reported that there 
was a correlation within different geographical regions of Norway between coronary heart disease in 1964-1967 and 
infant mortality rates some 70 years earlier.  

Forsdahl [113] postulated that poverty may act through a nutritional deficit to result in a life-long vulnerability to disease 
with a more affluent adult life-style. In 1985, Wadsworth et al. [114] in the United Kingdom reported that adult blood 
pressure was inversely related to birth weight in men and women born in 1946. In 1986, Barker and colleagues suggested 

that poor health and physique of mothers were important determinants of the risk of stroke in their offspring [93]. Soon 
afterwards, they proposed that environmental influences, which impair growth and development in early life, result in an 
increased risk for ischemic heart disease [94]. This then led to a worldwide series of epidemiological studies that extended 
the initial observations on the association between pre- and postnatal growth and cardiovascular disease to include 

associations between early growth patterns and an increased risk for hypertension, impaired glucose tolerance, non-insulin-
dependent or type-2 diabetes, insulin resistance, and obesity in adult life [115-124].  

THE THRIFTY PHENOTYPE HYPOTHESIS, DEVELOPMENTAL PLASTICITY AND 
PREDICTIVE ADAPTIVE RESPONSES 

To explain the biological basis of the associations observed between early growth patterns and health outcomes in the 
epidemiological studies, number of mechanistic frameworks such as “thrifty genotype” [125,126] and then "thrifty 
phenotype" [127] derived from thrifty genotype, were proposed. “Thrifty genes” were proposed to be selected during 
evolution at a time when food resources were scarce and they resulted in a "fast insulin trigger" and thus an enhanced 
capacity to store fat, which placed the individual at risk of insulin resistance and type-2 diabetes [126].  

In contrast the thrifty phenotype hypothesis suggested that when the fetal environment is poor, there is an adaptive 
response, which optimizes the growth of key body organs to the detriment of others and leads to an altered postnatal 

metabolism, which is designed to enhance postnatal survival under conditions of intermittent or poor nutrition [128-
129]. It was proposed that these adaptations only became detrimental when nutrition was more abundant in the 
postnatal environment, than it had been in the prenatal environment [127].  

Lucas suggests that that there are embryonic and fetal adaptive responses to a suboptimal intrauterine environment 
which result in permanent adverse consequences either via the induction, deletion, or impaired development of a 
permanent somatic structure or the physiological system [129]. In fact closing the critical window early in 
development allows the preservation of maternal strategy in offspring phenotype, which in humans benefits the 
mother by constraining offspring demand after weaning. The offspring gains by being buffered against 
environmental fluctuations during the most sensitive period of development, allowing coherent adaptation of organ 
growth to the state of the environment. The critical window is predicted to close when offspring physiology 
becomes independent of maternal physiology, the timing of which depends on offspring trait [130-133]. All this 
highlight the relationship between intrauterine nutritional experiences and subsequent health outcomes [134,135].  

Researchers working with humans and animal models of human diseases often view the effects of early life events as the 
developmental plasticity. This embodies the idea that developmental plasticity is the ability of a single genotype to produce 
more than one alternative form of structure, physiological state, or behaviour in response to environmental conditions [135-
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137]. Consistent with this, it is thought that CVD may be a consequence of fetal adaptations to under nutrition that are 
beneficial for short-term survival, even though they are detrimental to health in post reproductive life [112].  

Although some effects of nutrition may be direct consequences of alterations in substrate availability, McCance and 
Widdowson demonstrated that early under nutrition had a permanent effect on the subsequent growth of rats, 
whereas later under nutrition only had a transient effect [138].  

It is clear from a range of diverse fields including evolutionary ecology and molecular biology that a given genotype 
can give rise to different phenotypes, depending on environmental conditions [139-141].  

There are many different species where the impact of an environment experienced by one generation determines the 
development and behaviour of the next generation. Female birds are able to alter many aspects of the composition of 
the egg in response to a range of environmental factors including food availability, levels of sibling competition, and 
the quality of their mates [139]. Such maternal effects can result in the effects of a specific environmental factor 
persisting across several generations [135-137, 141].  

If the effects of the past conditions produce mismatches with current, changed conditions, however, then developmental 

plasticity may have a detrimental effect on survival and reproductive success [142]. Thus Bateson et al. [141] propose that 
for individuals whose early environment has predicted a high level of nutrition in adult life and who develop a large 
phenotype, the better the postnatal conditions the better will be their adult health. For individuals whose conditions in fetal 
life predicted poor adult nutrition and who develop a small phenotype, the expected outcomes may vary, although they are 
predicted to be worse off when there is a relative excess of nutrition in postnatal life.  

There has also been a proposal to separate those homeostatic responses that represent fetal adaptations to changes in the 

intrauterine environment and that may have long-term consequences, from those which need not confer immediate 
advantage but are induced in the expectation of future adaptive changes [143]; this latter group of responses has been defined 
as "predictive adaptive" [90,92,137,141]. In this model of predictive adaptive response, selection across generations operates 

to favour protection of those predictive adaptive responses that aid survival to reproductive age.  

The programmed or plastic responses made during development that have immediate adaptive advantage might also 
act to limit the range of postnatal adaptive responses to a new environment and would be considered to be 

"inappropriate" predictive adaptive responses. This general model is therefore consistent with the original thrifty 
phenotype hypothesis which stated that fetal adaptations to a poor intrauterine environment may have adverse 
consequences if there is a relative excess of nutrition available in adult life.  

The use of the term “predictive adaptive response” must be clarified because it is used in two very different ways in 
the literature. In a physiological context it refers to adjustments made by an individual in response to current 
conditions. For example, in conditions of severe intrauterine deprivation, there is the capacity to lose structural units 
such as nephrons, cardiomyocytes, or pancreatic β-cells within developing organ systems. Such decreases in 
structural and hence the life-long functional capacity of an organ system may be an inadvertent consequence of a 
decrease in energy supply across the placenta or a selective trade off to maintain the development of more important 
tissues, such as the brain [144-146]. 

In an evolutionary context it refers to changes in the characteristics of populations or species resulting from natural 
selection, mainly promoting Darwinian fitness and adaptive according to the evolutionary criteria of enhancing 
survival or reproductive success [147].  

In case of fetal origins of disease, this would require that environmental conditions present early in life are 
predictive of the conditions the individual will encounter in the future over a range of timescales (Fig. 4).  

It is suggested that at one extreme, rapid and reversible homoeostatic mechanisms counter an immediate challenge. 
Then, stressors or exposures during critical developmental periods can affect growth, tissue differentiation, and 
physiological set-points, affecting responses to environmental challenges for life. New evidence suggests that 
epigenetic mechanisms could contribute to such challenges [148,149].  
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Figure 4: Modes of Human Adaptability. 

On a long timescale, the genomes of populations can change over many generations as a result of selection or drift, 
and there are many examples of responses to environmental change becoming integrated into the human genome 
[141,150-152]. Clinical medicine and public health research have focused largely on causation and intervention at 
the short-term end of this spectrum. In this context consideration of the outcomes of developmental plasticity acting 
over the intermediate timescale is now important [141]. In humans, development plasticity can induce responses that 
have short-term benefits for the mother or the fetus but on longer term costs reduced fitness leading to disease 
process [152,153]. It is suggested that when environmental conditions change strikingly between conception and 
adulthood, as has happened in most current human populations, the potential for a substantial mismatch is especially 
great, and this difference contributes to increased disease risk [135].  

ENVIRONMENTAL CUES AFFECTING HUMAN DEVELOPMENT 

These broad considerations are relevant to understanding of some critical variations such as developmental 

adaptations that permanently change structure, physiology, and metabolism, thereby predisposing individuals to 
cardiovascular, metabolic, and endocrine disease in adult life [154,155]. The human baby responds to under 
nutrition, placental dysfunction and other adverse influences by changing the trajectory of his or her development 
and slowing growth. Although the fetus was thought to be well-buffered against fluctuations in its mother's 
condition, a growing body of evidence suggests that the morphology and physiology of the human baby is affected 
by the state of the mother [156,157].  

It is possible therefore, that human development may involve induction of particular patterns of development by 
cues that prepare the developing individual for the type of environment in which he or she is likely to live. 
Individuals may be affected adversely if the environmental prediction provided by the mother and the conditions of 
early infancy prove to be incorrect [113].  

Thus, people whose birth weights were towards the lower end of the normal range and who subsequently grows up 
in affluent environments are at increased risk of developing coronary heart disease, type-2 diabetes and hypertension 
[39,40, 156,158]. Those born as heavier babies and brought up in affluent environments enjoy a much reduced risk. 
The long-term influences may arise from cues acting from before conception to infancy [159].  

The ill effects of being small, which in the short term include high death rates and childhood illness, are usually 
treated as yet another inevitable consequence of adversity. However, a functional and evolutionary approach 
suggests that the pregnant women in poor nutritional condition may signal to her unborn baby that help it to cope 
with a shortage of food. When sufficiently high levels of nutrition are available after the development of a small 
phenotype has been initiated, marginal benefits of rapid growth may offset the costs [160], but they may also trigger 
the health problems arising in later life. This concept is illustrated in Fig. (5). 
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Although adaptive responses may explain some variation in human development, it would be implausible to argue that 
all responses to the environment should be explained in these terms. Under nutrition, stress or hypoxia may impair 
normal development. Babies with low birth weight have a reduced functional capacity and fewer cells [161]. The latter 
may be part of a general reduction in cell numbers or a selective trade-off in the development of tissues that are less 
important to the baby, such as the kidney [162]. Reduced numbers of nephrons at birth is a life-long deficit, as all 
nephrons are formed during a sensitive period of development in late gestation. The resulting increased functional 
demand on each individual nephron, for example by increased blood flow through each nephron, may lead to 
acceleration of the nephron’s death that accompanies normal ageing, with a consequent rise in blood pressure [163,164]. 

The diversity in past and present ecological conditions of humans is also likely to introduce complexity into the relationship 
between developmental prediction and later health outcome. For example, some populations may have adapted genetically 
to conditions of nutritional stress, especially seasonal food shortages, over a long time span, while others will have been 
buffered from such local evolutionary effects. The sharp increase in glucose intolerance leading to type-2 diabetes might 
arise from genetic differences between populations [165-167]. The possibility of a thrifty genotype well adapted to harsh 
conditions is not incompatible with the plastic induction of thrifty phenotypes from a pool of uniform genotypes. However, 
the hypothesis that differences in susceptibility to diabetes are explained by genetic differences would not readily account 
for the evidence from the Dutch famine of 1944-45 that glucose intolerance is induced by maternal malnutrition during the 
final three months of pregnancy [167]. However, persisting into adult life, insulin resistance leads to increasing blood 
glucose and type-2 diabetes develops, especially in people who have become overweight. 'Thrifty' handling of sugar 
becomes maladaptive if under nutrition in the womb is followed by excess in later life 168.  

 
Figure 5: The Hypothetical Relationship Between Adult Health and Nutritional Level During Later Development for Two 
Extreme Human Phenotypes that were Initiated by Cues Received by the Fetus. Reprinted by Permission from Macmillan 
Publishers Ltd: Bateson et al., Nature, 430: 419-421, 2004 [141]. 

Conversely, individuals with large bodies may be particularly at risk in harsh environments such as prison camps or 
during famines [153,168-169]. Especially striking is the evidence from a famine-exposed Ethiopian population, 
where the incidence of rickets was nine times greater in children who had been reported as having high birth weights 
than in age-matched control children [170]. No such differences were found in children with normal birth weights. 

CONCLUSION 

Numerous epidemiological and animal studies discussed so far have shown an association between altered maternal 
nutrition and cardiovascular or metabolic disease in the offspring. Namely, alterations in fetal nutrition (either 
under- or over-nutrition) may result during critical periods when offspring are most vulnerable to developmental 
adaptations that permanently change the structure, physiology and metabolism of the offspring, thereby predisposing 
individuals to metabolic and cardiovascular diseases in adult life.  
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Today the most common maternal dietary imbalance in populations is an excessive intake of dietary fat. There is 
growing body of evidence that significant health problems for women of reproductive age result from being 

overweight or obese due to overeating. Extensive studies have shown that maternal over nutrition retards placental 
and fetal growth, and increases fetal and neonatal mortality in animal models. Results of epidemiological studies 
indicate that almost 65% of the adult population in the U.S. is overweight (defined as a body mass index (BMI) > 25 
kg/m2), while 31% of the adult population is obese (defined as BMI > 30 kg/m2). Many overweight and obese 
women unknowingly enter pregnancy and continue overeating during gestation. These women usually gain more 
weight during the first pregnancy and accumulate more fat during subsequent pregnancies. Maternal obesity or over-
nutrition before or during pregnancy may result in fetal growth restriction and increased risk of neonatal metabolic 
syndrome and cardiovascular risk factors.  

Previously, studies have demonstrated abnormalities in plasma lipids, vascular fatty acids, and evidence for reduced 
endothelium-dependent relaxation in adult offspring of rodent models fed on a lard-rich diet during pregnancy, suckling or 
lactation. However neither the designs of these studies carried out nor the fat intake mimic the typical high-fat Western diet 
and human situation. Moreover, to date no one has determined the role of early pharmacological intervention in mothers and 
its effects on offspring in terms of cardiovascular control using the animal model.  
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Maternal Nutrition and its Effects on Offspring Fertility and Importance of 
the Periconceptional Period on Long-Term Development 

Cha Dupont1,2,3*, Anne-Gael Cordier1,4, Claudine Junien1, Rachel Levy2,3 and Pascale 
Chavatte-Palmer3,5 

1INRA, UMR 1198 Biologie du développement et reproduction, F-78350 Jouy en Josas, France; 2Service 
d’Histologie-Embryologie-Cytogenetique-Biologie de la Reproduction-CECOS, Hôpital Jean Verdier (AP-HP), F-
93143 Bondy, France; 3Unité de Recherche en Epidémiologie Nutritionnelle, UMR U557 INSERM; U1125 INRA, 
CNAM, Université Paris 13, CRNH IdF, F-93017 Bobigny, France; 4Service de Gynécologie-Obstétrique et 
Médecine de la Reproduction, Hôpital Antoine Béclère (AP-HP), F-92141 Clamart, France and 5Premup 
Foundation (Fondation pour la prévention de la prématurité et la protection du nouveau-né prématuré), 4 av. de 
l'Observatoire, F-75006 Paris, France 

Abstract: The effects of adult lifestyle and environmental chemicals are important factors affecting the fertility of men 
and women. Many studies have shown that nutritional and hormonal status during fetal development is decisive for 
long-term control of energy metabolism. Obesity, type 2 diabetes (T2D) and hypertension may take root during early 
development, throughout gestation and lactation, as stated in the “Developmental Origins of Health and Disease” 
(DOHaD) hypothesis. Recent data demonstrated that adult lifestyle factors can also impact the fertility of offspring. 
Among these factors, nutrition plays a major role. In humans, links between birthweight and fertility have been 
established, but little data on the relationship between maternal nutrition and fertility of offspring are yet available. In 
animals, studies have shown that both maternal undernutrition and maternal overnutrition can affect the reproductive 
function of offspring. Maternal nutrition can influence the development of the fetal reproductive system at all stages of 
development. Indeed, maternal body composition before conception may influence oocyte maturation. 
Preimplantation embryos are sensitive to environmental conditions that can affect future growth and developmental 
potential. Furthermore, embryogenesis, cellular differentiation, placentation and organ maturation can be affected by a 
wide range of mechanisms involved in metabolic programming. Maternal nutrition may affect circular and local 
concentrations of endogenous hormones that are essential during fetal development and may also affect oxidative 
balance with consequences on oocyte maturation, follicular steroidogenesis, implantation, embryo cell function and 
further development. Various exposures to altered maternal nutrition are associated with epigenetic modifications in 
the offspring, inducing long-term changes in gene expression, potentially leading to disease in later life and infertility. 
Finally, micronutrient unbalance, alcohol and tobacco exposure during gestation are known to have detrimental effects 
on offspring development and further studies are required to establish links with fertility. Whereas the role of the 
maternal environment has been so far mostly studied, it now becomes clearly evident from very recent work that 
metabolic effects can also be mediated through the paternal gametes. 

Keywords: Maternal nutrition, fetal development, energy metabolism, reproductive function, offspring, maternal 
environment. 

I-INTRODUCTION 

Context 

The effects of adult lifestyle - generally diet and sedentary habits - and environmental chemicals are important 
factors affecting the fertility of men and women. Recent data demonstrated that adult lifestyle factors can also 
impact the fertility of their children. Among these factors, nutrition plays a major role. 

Malnutrition is the state produced by an inadequate intake of a good quality diet. This can mean undernutrition 
(intake of not enough nutrients), overnutrition (intake of too many nutrients, too many lipids, and glucids or too 
many calories). Malnutrition can also be defined by vitamin, mineral or proteins unbalance and excessive amounts 
of inappropriate substances (alcohol).  

*Address correspondence to Cha Dupont: Service d’Histologie-Embryologie-Cytogenetique-Biologie de la Reproduction-CECOS, Hôpital 
Jean Verdier (AP-HP), F-93143 Bondy, France; E-mail: pascale.chavatte@jouy.inra.fr 
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In the nineties, Barker’s epidemiological studies underlined an increased risk of non-transmittable metabolic 
diseases in people born small for gestational age (SGA) [1]. Obesity, type 2 diabetes (T2D) and hypertension may 
take root during early development, throughout gestation and lactation, as stated in the “Developmental Origins of 
Health and Disease” (DOHaD) hypothesis. Many studies have now shown that nutritional and hormonal status 
during fetal development and early life determine long-term control of energy metabolism [2]. There is also 
convincing experimental evidence to suggest that epigenetic marks serve as a memory of exposure, in early life, to 
inadequate or inappropriate chemical/nutritional/metabolic or non-chemical/social environments.  

Many organs are involved in this process and effects of habits during pregnancy can also impact the fertility of the 
offspring. Since gametogenesis takes place during pregnancy, the maternal dietary intake may also have an impact 
on children’s fertility, thus creating an inter-generational effect [3]. 

Influence of Gestation on Adult Fertility (Offspring) 

Substrate availability is essential for embryo and fetal growth and development. Recently, increasing literature 
reviews have focused on the effects of maternal diet during each phase of gestation on the health of the offspring, 
including effects on fertility [4-6]. Maternal body composition before conception may influence oocyte maturation, 
oviductal environment and endocrine maternal response to early embryo signals. Blastocyst differentiation leads to 
the inner cell mass formation (resulting in fetus development), and to the trophoblast formation (from which the 
placenta originates): this differentiation will impact on implantation, placentation and pregnancy evolution. Fetal 
growth and survival depend on the placenta which forms the interface between the maternal and fetal bloodstreams, 
facilitating gaseous, nutrients, antibodies, hormones exchanges and the disposal of fetal waste products and 
contributes to adaption to an altered uterine milieu and to programming [7-10].  

In terms of female development, the major events of the ovarian development, which are critical for ovarian 
function, occur during fetal life such as prophase I meiosis of germ cells and formation of the follicular reserve. In 
humans and other mammalian species, the pool of resting primordial follicles serves as the source of developing 
follicles and fertilizable oocyte during the female reproductive lifespan. In terms of male development, Sertoli cells 
play a central role in the development of a functional testis and their numbers are highly correlated with both adult 
testicular size and sperm production [11]. These cells proliferate during fetal and neonatal life and the peripubertal 
period, coordinating testicular development. Alterations of Sertoli cells development impact on other testicular cells 
such as Leydig cells and fetal gonies, leading to disorders in adulthood [11]. Sertoli cell proliferation may be 
disturbed during pregnancy through alterations of the development of the hypothalamic–pituitary–gonadal axis 
during fetal life linked to the concentration of key hormones, such as FSH, T3, T4, GH and estrogens [12]. After 
birth, programming effects can be emphasized by the neonatal nutritional status, particularly when prenatal and 
postnatal status differs significantly, as illustrated by the "Predictive Adaptive response" hypothesis. Indeed, it has 
been suggested that the fetus uses nutritional signals to anticipate its future energetic environment, and through 
developmental plasticity, adjusts its phenotype accordingly, leading to a thrifty phenotype [13, 14].  

II- EFFECTS OF MATERNAL NUTRITION ON OFFSPRING FERTILITY 

A- Epidemiological Studies: Human Birth Weight and Subsequent Fertility in Adulthood  

Epidemiological studies about maternal nutrition and effects on offspring’s fertility are scarce. In human adults, 
most studies are based on birth weight as an index of nutrition during fetal life [15] because it is difficult to assess in 
utero nutrition retrospectively. Nevertheless, intra-uterine growth retardation (IUGR) may result from different 
causes including undernutrition, overnutrition and many environmental factors [16]. Moreover, the effects of fetal 
nutrition on subsequent health are not necessarily associated with birth weight, probably because the critical window 
of development during which the fetus is sensitive to nutrition occurs before measurable effects on fetal mass are 
expressed [17]. 

De Bruin et al. (1998) observed in human that IUGR due to placental insufficiency leads to impaired ovarian 
development, characterized by a decrease volume of primordial follicles in ovarian cortical tissue [18]. At puberty, 
the prevalence of anovulation seems higher among SGA girls compared to those born with an appropriate weight for 
gestational age. In the relatively small fraction of ovulating SGA girls, the ovulation rate is lower than in controls, 
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and adolescent SGA girls are at risk for FSH and insulin resistance [19]. It has also been observed that in girls born 
SGA, prenatal growth restraint is associated with high FSH levels and with small internal genitalia in adolescence 
[20]. Furthermore, the onset of puberty and the age at menarche are advanced by about 5–10 months. Current 
evidence suggests that insulin resistance is a key mechanism linking a post-SGA state to early menarche; hence, 
insulin sensitization may become a valid approach to prevent early menarche and early growth arrest in SGA girls 
[21]. A link between prenatal environment and polycystic ovary syndrome (PCOS) in adolescence has often been 
tested but to date, results remain contradictory [22]. Nevertheless, it was suggested that prenatal growth restriction 
coupled with spontaneous catch-up growth during infancy results in increased insulin resistance and visceral 
adiposity, associated with elevated plasma Dehydroepiandrosterone Sulfate (DHEAS) and low plasma 
concentrations of Sex Hormone Binding Globulin (SHBG) at 8 years of age, thus predisposing girls to PCOS [22-
24]. Furthermore, high or low maternal birth weight is associated with prolonged time to conceive [25]. 

Similarly, SGA boys have an increased risk for high FSH and low inhibin B plasma concentrations and reduced testicular 
volume in adolescence [24, 26]. Cryptorchidism is common in boys born with IUGR and is associated with low sperm 
count [27]. Ramlau-Hansen et al., however, failed to observe any effects of birth weight on semen quality [28]. 

Nevertheless, fertility effects may also be the direct consequences of adult metabolic syndrome and overweight, 
which are often associated with low birth weight. In studies on the developmental origins of health and disease, low 
birth weight is often used as a proxy for a compromised prenatal development [29], although birth weight is a poor 
surrogate for nutritional status during gestation and is clearly not a sufficient criterion for testing the involvement of 
epigenetic modifications [30]. Moreover, factors leading to IUGR are rarely well documented; the use of animal 
models remains a necessary tool to focus on maternal nutrition and its effects on offspring fertility, as well as to 
perform invasive tests and study parameters that can not be investigated in humans. 

B -Maternal Undernutrition 

Undernutrition is known to affect female fertility. Thus, insufficient energy stores may negatively affect ovulation, 
menses and challenge to initiate and maintain pregnancy [31]. The health and fertility of the offspring can also be 
affected. 

1- Female Effects 

Maternal food deprivation in mice induces a small but significant effect on the reproductive success of the 
daughters. Thus, the mean litter size of the second pregnancy is reduced in the daughters of restricted dams [32]. 
Puberty delay and reduced ovulation rates have been observed in several species when females were submitted to 
undernutrition during the fetal period [33]. The reduced ovulation rates were not associated with a change in 
gonadotropin profiles or pituitary responsiveness [34].  

The effect of undernutrition during each critical stage of ovarian development was assessed in sheep fetuses by 
measuring the granulosa cell layer development, showing a delay in ovarian follicular development when 
undernutrition was applied from mating to day 50 of gestation [15]. Furthermore, it has recently been shown on rats 
that maternal undernutrition significantly reduced primordial, secondary and antral follicle numbers in adult 
offspring. This decrease was associated with decreased mRNA levels of genes, known as critical for follicle 
maturation and ovulation, and with an increased oxidative stress in the ovary [35].  

In humans, maternal exposure to nutritional deprivation specifically during early gestation, as experienced during 
the late period of the five month Dutch Hunger Winter of 1944–45, increased the risk of early-onset cardio-vascular 
disease (CVD) and hypertension, increased BMI and glucose intolerance in the offspring [17]. In utero exposure to 
famine, however, did not reduce the fertility of females nor males, but, in contrast, appeared to improve female 
fertility [36, 37]. 

2- Male Effects 

With regards to males, lambs are frequently used as models to assess the effects of fetal undernutrition on the male 
reproductive system. 
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There was no effect of maternal nutrient restriction (31 to 100 days of gestation) on the time of onset of puberty in male 
lambs. However, altered pituitary responsiveness was observed, together with a significantly lower Sertoli cell number and 
reduced seminiferous tubules diameter compared to controls [38]. Testis tended to be lighter in newborn lambs whose 
dams were underfed during gestation compared to lamb that were overnourished [39]. Lately, it was reported in rats that 
undernutrition during the fetal and post natal periods, until puberty, is associated with lower testicular weight and lower 
Sertoli cell numbers in adult life. This study did not define which was the critical period for gonadal development [40]. 

In conclusion, there is clear evidence in both males and females, that maternal under nutrition during pregnancy 
affects gonadal development and function. Direct effects on fertility have not been fully explored, although available 
data suggests that these effects may not result in a dramatic decrease in fertility in otherwise healthy animals. More 
exploratory work is definitely needed both in humans and in animal models.  

C- Maternal Overnutrition 

The impact of maternal nutrition has been assessed mainly in cases of food restriction in humans, rodents or domestic 
animals, but significantly fewer studies have focused on the consequences of over-nutrition on offspring fertility. 

The increased consumption of energy-dense foods (excessive caloric intake, high fat diets) with low physical 
activity has led to an epidemic of obesity (http://ec.europa.eu/health/). Overweight affects 30-80% of adults in the 
WHO European Region and up to one third of children.  

1- Female Effects 

A high proportion of obese women are infertile or sub-fertile, suffering from anovulatory cycles, increased abortion rates 
and/or gestational diabetes. Excessive fat stores may inhibit conception by affecting ovulation because of insulin 
insensitivity, excess of male sex hormones and excess leptin secretion (The ESHRE Capri Workshop Group). These affect 
the regulation of hypothalamo-pituitary and ovarian hormonal levels. Pregravid obesity increases both maternal and fetal 
morbidity and mortality. 

Of current concern in developed countries is the rising incidence of obesity and type 2 diabetes, which results in 
offsprings at increased risk of developing obesity, thus inducing a vicious cycle leading to transgenerational 
transmission and increasing prevalence of these disorders [41]. Part of this transmission is conveyed through the 
gametes, as evidenced by studies showing an effect of paternal obesity [22]. 

In humans, high maternal BMI was shown to be associated with younger menarcheal age among daughters [42]. 

In agriculture, it is common practice to increase the dietary energy intake of ruminants (by increasing fatty acid diet ratio) 
just prior to breeding as a means to improve ovulation rates and optimize the reproduction performance. This practice, 
often referred to as "flushing", is particularly efficient on thin animals [43]. The administration of high lipid diets to cows 
during the peri-conceptional period has also been shown to reduce the number of small and middle size ovarian follicles 
without affecting oocyte quality or in vitro cleavage [44, 45]. Nevertheless, major excess leads to adverse effects. In the 
obese ovine model developed by Wallace J, (1996), peri-conceptional maternal over nutrition in adolescent ewes induces 
fetal IUGR [46]. Using this same model, Da Silva et al. observed a delay in ovarian development (2001) [47] and a 
reduction in the number of primordial follicles on the fetal ovary (2002) [48]. The pituitary expression of LHβ mRNA was 
also higher in growth-restricted fetuses from dams offered a high nutrient intake in the last days of gestation [48]. Finally, 
maternal exposure to a high fat diet led to early pubertal onset in rats [49]. 

2- Male Effects 

In men, epidemiological studies have shown a link between overweight or obesity and male infertility [50-52]. High 
BMI is often associated with altered sperm parameters such as sperm concentration, mobility and morphology, with 
commonly observed DNA damages [53, 54].  

One epidemiological study conducted on 328 men from the Danish pregnancy cohort has shown an influence of high 
maternal BMI on the sons’ semen quality and inhibin B plasma concentrations [51].  
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In sheep, Da Silva et al., highlighted that prenatal growth restriction delayed the onset of puberty in male lambs 
[47]. Indeed, growth restricted fetuses from dams offered a high nutrient intake had lower plasma testosterone 
concentrations and testicular volume compared to normally developed lambs, from birth until 28-35 weeks of age. 
No significant effects of maternal nutrition were observed, however, on testicular weight, seminiferous cord, or 
Sertoli cell numbers of male fetuses [55]. 

It remains unclear whether the observed changes in gonadal development are a direct result of maternal under or 
overfeeding during the preconceptional period or during pregnancy or if they are a consequence of maternal 
nutrition on placental development and fetal growth. 

D- Micronutrients 

Micronutrients deficiencies have been associated with significantly high reproductive risks. Thus, micronutrients 
unbalance may play a critical role in fertility, conception, implantation, fetal organogenesis and placentation [56]. 
An inadequate dietary folate intake results in a reduction in DNA biosynthesis and thereby in cell division [56]. 
Furthermore, folic acid and B12 vitamin, acting as methyl donors, are important contributors to DNA and protein 
modifications, contributing to long-term effects (reduced incidence of neural tube defects later in development) [57]. 
Peri-conceptional folic acid intake by mothers is also associated with epigenetic changes in IGF2 in their children 
[58] and may contribute to intrauterine programming of growth and later disease risks as demonstrated in animal 
models [59, 60]. However, maternal folic acid inappropriate supplementation significantly increased the risk of 
mammary adenocarcinomas in the offspring, accelerated the rate of mammary adenocarcinoma appearance and 
increased the multiplicity of mammary adenocarcinomas in the offspring [61]. 

Furthermore, vitamin B12 deficiency during gestation inhibits development of seminiferous tubules with decrease of 
spermatogenic cells and induces apoptosis of spermatocytes in F1 male rats [62]. 

Changes in the amino acid environment of embryos may lead to abnormal epigenetic effects [63]. Maternal low-
protein diet fed to rodents during the peri-conceptional period led to elevation in maternal serum homocysteine 
levels [64], which may cause folate deficiency and interfere with methyl group donation required for DNA 
methylation [65].  

Excessive perinatal supplementation with micronutrients may be detrimental for fetal development and 
programming. High level of antioxidant vitamins C and E may affect both maternal endothelial and placental 
functions and could explain the observed fetal growth restriction [66]. In rats, excess omega-3 fatty acid 
consumption during pregnancy and lactation leads to lower body weights in adulthood offspring and a shorter 
lifespan associated with sensory/neurological abnormalities (presbycousis) [67]. Despite effect of micronutrient 
unbalance on gonadal function has not been explored yet, there is a strong risk that excess or lack of micronutrients 
also impact offspring fertility. 

III. MECHANISMS AND CRITICAL SPATIOTEMPORAL ONTOGENIC PERIODS 

A- Mechanism 

Maternal nutrition can influence development of the fetal reproductive system at all stages of development. A wide 
range of mechanisms are involved.  

1-Endocrinology 

Endogenous hormones are essential during fetal development [3]. The reproductive system and many components of 
the hypothalamic-pituitary-gonadal system may not develop correctly if exposed to the wrong inappropriate (both in 
quantity and quality) hormones, resulting in fertility problems in adulthood. Furthermore, hormone receptors, which 
are physiologically linked to gene expression, represent a mechanism through which endocrine signals can 
potentially modify gene expression and early life development [6]. Thus, maternal undernutrition during gestation 
alters maternal steroid hormone levels, including elevation of glucocorticoids (corticosterone, cortisol), the stress 
hormones, which can profoundly influence the physiological conditions of the conceptus [68].  



Maternal Nutrition and its Effects on Offspring  An Overview of Association with Oxidative Stress   25 

2-Oxidative stress 

Essential fatty acids and their oxygen-derived elements control many metabolic pathways by adapting intracellular 
signalling, including apoptosis. Antioxidants are necessary for homeostasis: an imbalance in the equilibrium of 
antioxidants and pro-oxidants (ROS) can result in OS damage, a key element in the pathogenesis of several diseases 
[69]. While excessive ROS production clearly damages DNA, low levels of ROS affect cell signalling, particularly 
at the level of redox modulation [70]. 

Free radicals are essential for the acquisition of fertilizing ability and contribute to chromatin condensation, 
membrane remodelling. They play a key role in the origin of life and biological evolution, such as signal 
transduction and gene transcription [56]. Nutritional changes affecting oxidative balance will have consequences on 
oocyte maturation, follicular steroidogenesis, implantation, and embryo cell function and further development [71]. 
Consequently, DNA damages by ROS are transmitted to offspring and may affect its fertility.  

3-Epigenetic  

In recent months, numerous studies focusing on the developmental origin of health and disease (DOHaD) and 
metabolic programming have identified links between early nutrition, epigenetic processes, and long-term illness. 
Epigenetic marks are candidates for bearing the memory of early life exposure to inadequate chemical/nutritional or 
non-chemical/social environments by long-term alterations of gene expression programming. The epigenome serves 
as an interface between the environment and the genome [72, 73]. The ability of environmental factors to promote a 
phenotype or disease state not only in the individual exposed but also in subsequent progeny for successive 
generations is termed transgenerational inheritance. Various exposures such as maternal food restriction, 
periconceptional folic acid intake or maternal obesity are associated with epigenetic modifications in offspring [29, 
59]. The induction of adverse developmental programming in embryos by malnutrition appears to be mediated by 
altered metabolic signalling within the maternal reproductive tract, leading to changes in embryo metabolism and 
epigenetic. These latter changes are propagated through development. Epigenetic marks induce long-term changes in 
gene expression, potentially leading to disease in later life. The genes involved in the regulation of glucose 
metabolism, adipogenesis, corticoid’s answers and adrenal function are particularly suspected. 

In animals the developmental environment induces altered phenotypes through epigenetic mechanisms including 
DNA methylation by DNA methyltransferases (DNMTs), covalent modifications of histones (methylation, 
acetylation, phosphorylation, ubiquitinylation), and non-coding RNAs. Genome-wide epigenetic reprogramming 
occurs during ovogenesis stage and early embryo development [74-76]. Therefore, susceptibility to programmation 
exists before pregnancy and during the periconceptional period [63, 77-80]. Hence, the gamete and the embryo are 
vulnerable to altered nutritional environment both in vivo and in vitro, leading to altered epigenetic regulation of 
imprinted and non-imprinted genes which persist through fetal and postnatal life [81-88]. 

Epigenetic changes during gametogenesis and early embryo development are better known. Briefly, during 
gametogenesis, the epigenetic program is strongly modified, for example DNA methylation is erased in primordial 
germ cells and reapposed during gametic differentiation with specific timing in spermatogenesis and ovogenesis. 
After fertilization, the acquisition of pluripotency involves the epigenetic resetting of the gamete genome, to allow 
the activation of essential genes, such as pluripotency-associated genes. The erasure of DNA methylation is 
achieved in the preimplantation blastocyst [89, 90]. During proliferation and cell differentiation of the different 
tissues of the embryo, new epigenetic programs are established in a cell-type specific manner, called maternal-to-
zygotic transition by Tadros [91]. Whatever the time frame effects on fertility are mediated by the alteration of the 
expression of key genes involved in ovarian development and function (oocyte maturation, endocrinology), and in 
hypothalamic and pituitary regulation.  

One of the rare opportunities for studying the relevance of such findings to humans is presented by individuals who 
were prenatally exposed to famine during the Dutch Hunger Winter. Heijmans [30] report that periconceptional 
exposure to famine is associated with lower methylation of the IGF2 DMR 6 decades later. Data from animal 
models are consistent with the interpretation that famine underlies the IGF2 hypomethylation and may be related to 
a deficiency in methyl donors, such as the amino acid methionine [92]. 
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Finally, studies have demonstrated the existence of an on-going self-propagating epigenetic cycle [93, 94], of 
metabolic memories [95-97] and ageing epigenetic processes [98, 99]. Epimutations in the germline that become 
permanently programmed can allow then transmission of epigenetic transgenerational phenotypes [100]. 

Despite recent progress, we are still a long way from understanding how, when and where environmental stressors 
disturb key epigenetic mechanisms. Since these machineries clearly function in a sequential manner, identifying the 
original key marks and their changes throughout development, during an individual’s lifetime or over several 
generations, remains a challenging issue [101]. 

B- Spatiotemporal ontogenic periods 

The peri-conceptional period consists of preconception, conception, implantation, placentation and embryo- or 
organogenesis stages (Fig. 1), and specific cellular events that occur during the distinct stages of embryogenesis. 
Each of these steps may be affected by maternal nutrition [56], leading to lasting morbidity including infertility in 
offspring. 

 
Figure 1: Maternal Nutrition Target During Peri-Conceptional Period. 

1 - Preconceptional Period 

Maternal obesity could have adverse effects as early as the oocyte and these effects may contribute to effects later in 
life [102]. Obesity is associated with intrafollicular changes in multiple cellular systems such as increased 
metabolite, C-reactive protein, and androgen activity levels that influence oocyte developmental competence [103]. 

Pre-mating nutrition is associated with alteration in the mRNA content in oocytes. Lower amount of glucose 
transporter 3 (SLC2A3), sodium/glucose cotransporter 1 (SLC5A1), and NaC/KC ATPase mRNAs was detected in 
oocyte of ewes underfed two weeks before slaughter [104].  

Furthermore, it has recently been observed that maternal obesity is associated with altered mitochondrial activity in 
oocytes that are transmitted to zygotes [105] and to offspring later in life. Indeed, in obese adolescent, a 
mitochondrial dysfunction was observed and was more pronounced in adolescents borne from obese mother [106]. 
Then, generation of reactive oxygen species (ROS) was raised while glutathione was depleted and the redox state 
became more oxidised, suggesting that oxidative stress may alter oocytes DNA in obese females [105].  

2 - Preimplantation Period 

Preimplantation embryos are sensitive to environmental conditions that can affect future growth and developmental 
potential [63].  
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The oviduct and uterus provide the environments for the earliest stages of mammalian embryo development. Nutrient 
and hormone composition of the oviduct and uterus may be influenced by maternal nutrition and play a key role in 
embryo uptake of nutrients and its development. So, female reproductive tract fluids should have an important role in the 
“developmental origins of health and disease” during preimplantation period [107].  

Environmental factors commonly influence embryo proliferation or apoptosis and blastocyst ICM and trophectoderm 
cell numbers [63]. In mice, maternal high and low-protein diets reduce the number of inner cell mass (ICM) cells, lower 
the mitochondrial membrane potential and elevate reactive oxygen species levels in blastocysts [108]. Kwong and co-
workers [109] demonstrated that submitting pregnant rats to a low protein diet during the pre-implantation period (0-4.25 
days after mating) was sufficient to disturb subsequent embryo development. Blastocysts showed significantly reduced 
cell numbers, first within the ICM, and later within both blastocyst cell lineages (ICM/embryoblast and 
trophectoderm/trophoblast). These changes induced by a slower rate of cellular proliferation and not by increased 
apoptosis, were subsequently followed by sex-dependent long-term effects such as excess growth and hypertension in 
adulthood [109-112]. Moreover, blastocyst development in mice is negatively correlated with leptin rates that are 
increased in obesity [113]. Finally, in rabbits submitted to hyperlipidic diet embryonic gene expression was affected as 
early as the 8–16 cells stage (especially Adipophilin expression which was confirmed by qRT-PCR) and subsequently 
fetuses developed IUGR [114]. 

3. Embryogenesis and Placentation 

Metabolic programming can occur during embryogenesis and placentation. Thus, the extra-embryonic lineages derived 
from the blastocyst show changes in proliferation and functional activity in response to maternal diet treatment or 
obesity, causing altered nutrient transport to the fetus throughout the gestation period [108,109,112,115,116]. 

Total placentome mass was significantly lower in overfed ewes compared to control [55] and fetal LHβ mRNA 
expression was negatively correlated with total placentome weight [55]. Gonadal ridge already appears at the time of 
gastrulation. Gametogenesis and early development are critical period for erasure, acquisition, and maintenance of 
genomic imprints [117]. So, maternal micronutrient intake peri-conceptionally, particularly folic acid and B12 vitamin, 
which act as methyl donors, are important in DNA methylation process and preservation of imprinted gene methylation.  

4- Fetal Period 

Hormonal secretion is affected by peri-conceptional undernutrition. In ovine fetus undernourished in late gestation, IGF-
1 and IGFBP-3 profiles during gestation are modified with possible consequences on reproductive organs development 
[118]. Maternal undernutrition affects cellular proliferation and gene expression, in particular genes regulating apoptosis 
in the fetal ovary. This mechanism varies according to the time of exposure to undernutrition during gestation (usually 
referred to as "critical periods") [119, 120]. Furthermore, the DNA damage in the fetal ovary is increased though the 
overexpression of anti-tumoral protein p53 and anti apoptotic factor Bcl-2 [121]. Measurements of specific mRNA 
contents indicated that the physiology of the developing testes in sheep fetuses was significantly altered by nutrient 
restriction. Undernutrition during the first 50 days of fetal development was clearly associated with increased expression 
of the key steroidogenically rate-limiting cholesterol transporter StAR [122].  

5- Birth 

Testis descent, which is a hormone-dependant process, normally occurs by birth. Incomplete descent of one or both 
testes (cryptorchidism) is associated with lower sperm counts in adulthood [27]. 

Thus, maternal peri-conceptional malnutrition cause defective ovarian function, compromised oocyte and early 
embryo metabolism and survival, abnormal embryo cellular differentiation, fetal growth, and long-term outcomes 
such as metabolic syndrome, cardiovascular disease and infertility in offspring.  

IV- PERSPECTIVES 

Other environmental effects 

Not only nutrition has detrimental impact on fetal programming. It is long established that in utero tobacco exposure 
affects fetal growth and neuronal development [123, 124]. Tobacco exposure during pregnancy may also affect 
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offspring’s fertility. Indeed, maternal smoking disturbs endocrine equilibrium of the fetus with potential consequences on 
gonadal development and further fertility [125-127]. Alcohol consumption during pregnancy affects fetus development 
and lead to long term cognitive, neuropsychological and behavioral issues [128, 129]. Maternal alcohol consumption 
during pregnancy affects Sertoli cells and is associated with diminished semen quality [130]. 

Bisphenol A is an endocrine disruptor highly detected in the environment (for example, alimentary plastic). It is 
known to affect reproductive axis, but it seems also have effect in fetal programming. Indeed, prenatal exposure to 
Bisphenol A leads to increased body weight later in life [131]. Further studies would be necessary to link Bisphenol 
A prenatal exposure to fertility later in life. 

Paternally Transgenerational Effects 

Whereas many studies about maternal imprinting have been published, paternal imprinting investigation is only 
emerging. The effect of father’s unbalanced nutrition can be transmitted to the offspring through sperm epigenetic 
alterations, and merits further investigation. In conjunction with recent human epidemiological data, animals studies 
showed that offspring of males fed with a low-protein diet had a modified hepatic expression of many genes 
involved in lipid and cholesterol metabolism, relative to controls, with numerous (≈20%) changes in cytosine 
methylation depending on paternal diet, including reproducible changes in methylation over a likely enhancer for the 
key lipid regulator PPAR [132].  

In another study, paternal high-fat-diet exposure was shown to program β-cell 'dysfunction' in rat female offspring, 
with increased body weight, adiposity, impaired glucose tolerance and insulin sensitivity [133]. 

Epigenetic modifications in the sperm contribute to the developmental program of the future embryo [134]. 
Consequently, paternal nutrition may interfere with epigenetic marks of mature sperm and play a critical role in 
long-term health of the offspring including infertility issues. 

Furthermore, epidemiological studies have suggested that exposure of paternal grandfathers to famine influences 
obesity and cardiovascular disease in subsequent generations [135, 136]. 

V- CONCLUSION 

Adult lifestyle is an important factor affecting the fertility of men and women, and can also impact health of their 
children. Maternal high fat nutrition, diminished calorie intake and imbalanced micronutrient intakes impacts on 
offspring reproductive maturation resulting in impaired fertility. Both over and undernutrition can lead to fetal 
growth restriction (the thrifty phenotype) due to placental insufficiency. Nevertheless, birth weight alone is not a 
sufficient criterion to predict further fertility, because it does not take into account the alternative fetus mechanisms. 
Indeed, it is difficult to distinguish each mechanism. Maternal effects are difficult to separate from direct effects of 
in utero environmental exposure on offspring. Knowledge of the processes through which maternal nutrition affects 
reproductive function in the offspring reminds very limited but multifactorial mechanisms such as hormonal 
influence, oxidative stress and epigenetic conditions should be involved in the programming process. Each stages of 
gamete, fetus, or neonate development, are concerned by maternal nutrition. Nevertheless, numerous factors are still 
unknown. Complexity of the search for underlying mechanism of human fetal programming leads to use simplified 
animal models. Consequently to this simplistic view, some of the results should not be extrapolated to human 
condition. The key question is the prevention of such effects possible by changes in diet and lifestyle? 
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Abstract: Major physiological systems, such as the hypothalamic-pituitary-adrenal (hpa) axis, are susceptible to 
certain intrauterine exposures of the fetus. These exposures may lead to long-term programming, with potential 
consequences for the individual throughout life. One such exposure is the administration of synthetic 
glucocorticoids that are commonly used in different medical fields. This chapter focuses on fetal programming of 
hpa axis by synthetic glucocorticoids. It introduces the pharmacological and physiological background of this 
topic, summarizes major findings from human and animal studies, and addresses potential biological mechanisms 
and the clinical relevance of such programming. In humans, exposure to synthetic glucocorticoids in utero 
reduces fetal and, in some cases, postnatal hpa activity under basal conditions, and following stress. Data from 
animal studies indicate that lifelong hpa axis dysregulation, rather than either static hypoactivity or hyperactivity 
of hpa axis, is a common consequence of early exposure to synthetic glucocorticoids. The mechanisms of 
glucocorticoid-induced changes in hpa axis function are complex, including possible alterations at subcortical and 
cortical levels of the brain. Emerging evidence indicates that early dysregulation of hpa axis is adverse, possibly 
leading to compromised development and health in the short term. It is as yet unclear as to whether long-term 
health disturbances are to be expected. More randomized human follow-up studies are needed to better 
understand the short- and long-term effects of intrauterine exposure to synthetic glucocorticoids on hpa axis and 
potential short- and long-term consequences on health and development. 

Keywords: Hypothalamic-pituitary-adrenal axis, fetal programming, synthetic glucocorticoids, intrauterine 
exposures, preterm delivery, asthma. 

INTRODUCTION 

Several medical conditions, such as risk for preterm delivery or asthma may lead to the decision to treat a pregnant 
woman with synthetic glucocorticoids [1-3]. In obstetric practice, different types of synthetic glucocorticoids are 
used, for example betamethasone and dexamethasone. Synthetic glucocorticoids, agonists of the glucocorticoid 
receptor (GR, the symbol approved by the Human Genome Organisation Nomenclature Committee is NR3C1), 
predominantly act via genomic effects mediated by the GR, a nuclear transcription factor (for detailed description, 
see [4, 5]). With its marked GR expression, the fetal lung is one of the primary targets of synthetic glucocorticoids 
administered during fetal development. The short-term effects of synthetic glucocorticoids on the fetal and neonatal 
lung and other organ systems with high GR expression, including kidney and brain, have been described elsewhere 
[e.g. 1, 6-11]. Moreover, the clinical outcomes that are potentially related to structural and functional changes in the 
brain after intrauterine exposure to synthetic glucocorticoids, including cognitive, psychological or behavioral 
development, have been brought together in previous works [12, 13]. This chapter deals with the effects of prenatal 
exposure to synthetic glucocorticoids on hypothalamic-pituitary-adrenal (hpa) axis function. 

What is the clinical use of synthetic glucocorticoids during pregnancy? On the one hand glucocorticoids may be 
applied to alleviate medical conditions in the mother, such as the administration of glucocorticoid containing 
inhalants in case of asthma [3]. On the other hand, glucocorticoids may be applied to target the fetus. Indeed, one 
major indication is their application to women with risk of preterm delivery. Glucocorticoids accelerate fetal lung  
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maturation, thereby successfully reducing morbidity and mortality in preterm infants [2, 14, 15]. However, major 
concerns exist concerning the safety of such therapy, as there is evidence that prenatal exposure to synthetic 
glucocorticoids may compromise health and development [12, 13, 16, 17].  

BACKGROUND 

Medical Indications for the Application of Synthetic Glucocorticoids During Pregnancy 

Glucocorticoids are important regulators of a wide range of physiological processes. For example, they influence 
lipid, protein, and carbohydrate metabolism, and regulate cardiovascular, neurobiological, and immunological 
function. One major function of glucocorticoids is to maintain homeostasis and to enable coping with and adaptation 
to stressful events [18]. Synthetic analogues of glucocorticoids are broadly used in clinical practice to treat a large 
variety of pathologies, which is due to the crucial role of endogenous glucocorticoids in the regulation of 
physiological processes.  

During fetal development, glucocorticoids stimulate surfactant production and influence structural changes, growth 
factors, lung fluid metabolism, antioxidant enzymes, and adrenergic receptors, in the maturing fetal lung. In late 
gestation, feto-maternal cortisol secretion increases to complete pulmonary maturation, and prepare the fetal lungs 
for postnatal life [1, 19]. Consequently, preterm infants are at risk of pulmonary immaturity predisposing them to 
respiratory distress syndrome (RDS). Indeed, preterm birth is associated with an increased risk of neonatal 
complications, including RDS. Due to their potency in maturating fetal organ systems, synthetic glucocorticoids are 
commonly used to treat cases of high-risk preterm delivery to accelerate fetal lung maturation. Seven to ten percent 
of all pregnancies in North America are endangered by preterm birth [20]. In addition, during gestation, synthetic 
glucocorticoids are given for several other pathologies of the mother or the fetus, including asthma and congenital 
adrenal hyperplasia (CAH). 

The use of synthetic glucocorticoids in reproductive medicine to prevent RDS originated in the work of Liggins in 
the late 1960s, who was the first to demonstrate in lambs the lung maturational properties of glucocorticoids [21]. 
Based on numerous subsequent studies replicating the initial findings [2, 22], in 1994, the National Institutes of 
Health (NIH) Consensus Developmental Conference on the Effects of Corticosteroids for Fetal Maturation on 
Perinatal Outcomes concluded that all fetuses between 24 and 34 weeks of gestation at risk of preterm delivery are 
potential candidates for prenatal treatment with glucocorticoids [20].  

Today, antenatal glucocorticoid use in fetuses at risk of preterm delivery is common practice to prevent postnatal 
RDS, even though treatment protocols remain inconsistent across institutions and physicians. If women continue 
pregnancy after a single course of glucocorticoid treatment, in some cases further subsequent courses of synthetic 
glucocorticoids are administered. However, due to insufficient scientific data, in 2001 the NIH Consensus 
Developmental Panel recommended that repeated courses should not be used routinely until insightful findings are 
available [23].  

Taken together, synthetic glucocorticoids are now used broadly in reproductive medicine to treat fetuses at risk of 
preterm birth in order to prevent RDS. 

Besides this, synthetic glucocorticoids are also administered to pregnant women due to maternal medical conditions, 
including asthma, or due to fetal needs, other than lung maturation, such as CAH [24]. In contrast to preparation for 
preterm birth, treatment in the latter cases often begins early in pregnancy and lasts throughout gestation. 

Determinants of Fetal Drug Exposure 

Synthetic glucocorticoids differ from their endogenous equivalents in chemical structure [25], having stronger 
potency at the GR and reduced activity at the mineralocorticoid receptor (MR, the symbol approved by the HUGO 
Nomenclature Committee is NR3C2) [5]. Moreover, different types of synthetic glucocorticoids vary with regard to 
their pharmacokinetic and pharmacodynamic properties (in the mother and the fetoplacental unit), such as protein 
binding, drug absorption, distribution throughout fluids and tissues, metabolism, and elimination [26]. These 
properties are major determinants of fetal exposure to the administered synthetic glucocorticoids. 
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Pharmacokinetic Properties of Synthetic Glucocorticoids during Pregnancy 

The pharmacokinetic and pharmacodynamic properties of synthetic glucocorticoids have mostly been investigated in 
non-pregnant women. However, changes in the renal, gastrointestinal, cardiovascular, and immune system, which 
occur during pregnancy [27], lead to pharmacokinetic changes [26-30]. For example, it has been shown that 
clearance of betamethasone and volume of distribution are higher in pregnant than in non-pregnant women, whereas 
half-life remained unchanged [31]. Moreover, pharmacokinetic properties were different between pregnancies, for 
example varying with the plurality of birth [32], and half-life of betamethasone was significantly shorter in twin than 
in singleton pregnancies. Moreover, it was shown in ewes that pharmacokinetic characteristics of betamethasone 
differ between mother and fetus: after injection into maternal muscle tissue, as is common practice in obstetrics, 
betamethasone half-life is longer in fetal than in maternal circulation, suggesting that the fetus is exposed stronger 
than would be anticipated from maternal pharmacokinetic data [33].  

During pregnancy, maternal plasma volume progressively expands. Subsequently, concentration of albulim 
decreases, leading to a reduced protein-binding capacity despite elevated albumin synthesis [34, 35]. Synthetic 
glucocorticoids such as betamethasone and dexamethasone bind specifically to albumin. Therefore, the unbound, 
biologically active fraction of these glucocorticoids subsequently increases. Interestingly, only this unbound fraction 
passes the placenta. Therefore, as pregnancy proceeds, the fetus is exposed to a greater amount of synthetic 
glucocorticoids, with potential clinical consequences. The fetus, however increasingly compensates this process: 
During gestation, fetal albumin concentrations gradually increase, equaling [36] or even exceeding [37] maternal 
albumin concentrations at term. Subsequently, fetal plasma binds more and more glucocorticoids, reducing the 
biological activity of the glucocorticoids in the fetus. Additionally, the fetus may already have a moderate capacity 
to metabolize drugs itself [26]. 

How Synthetic Glucocorticoids Get from Mother to Fetus 

Diverse factors determine transplacental drug/substance permeation, these being drug properties, placental 
characteristics, and additional maternal and fetal influencing factors [38]. One key enzyme which selectively 
regulates the transplacental passage of glucocorticoids is placental hydroxysteroid (11 beta) dehydrogenase 2 
(11beta-HSD2, the symbol approved by the HUGO Nomenclature Committee is HSD11B2) [17]. 11beta-HSD2 is 
located in placental syncytiotrophoblast [39], and catalyzes the rapid inactivation of cortisol and corticosterone, 
thereby representing an effective but incomplete barrier [40]. Normally, the fetus has much lower concentrations 
than the mother, even though endogenous glucocorticoids are highly lipophilic and rapidly cross the placenta [41, 
42]. Transplacental passage differs noticeably between endogenous and synthetic glucocorticoids [43]. In cells 
transfected with 11beta-HSD2, more than 95 percent of corticosterone, 63 percent of cortisol, but only 17 percent of 
dexamethasone had been metabolized after a one-hour incubation [39]. Furthermore, in contrast to endogenous 
glucocorticoids, betamethasone and dexamethasone show decreased local inactivation; while conversely, reduction 
by 11beta-HSD2 is increased in prednisolone [25]. Accordingly, it has been shown previously in vitro that 67 
percent of cortisol and 52 percent of prednisolone, but only 2 percent of dexamethasone and 7 percent of 
betamethasone, were converted by 11beta-HSD2 to their inactive metabolites in human placental tissue [44]. When 
examining cord and maternal blood, some authors demonstrated ten-fold lower prednisolone [45] but only three-fold 
lower betamethasone [28, 46] concentrations in fetal as compared to maternal plasma. In the human placenta, 
betamethasone was more rapidly metabolized than dexamethasone and prednisolone, with their inactive metabolites 
being first observed after 60, 120, and 240 minutes, respectively [47]. With regard to the rates of inactivation by 
11beta-HSD2, metabolism of both betamethasone and prednisolone was significantly greater than that of 
dexamethasone [47]. It is of note that synthetic glucocorticoids have been shown to up-regulate placental 11beta-
HSD2 activity [48-50], which provides evidence that they themselves amplify the placental barrier.  

Besides 11beta-HSD2, other mechanisms seem to be involved in creating the placental glucocorticoid barrier, 
reducing fetal exposure to elevated levels of glucocorticoids, with the ATP-binding cassette, sub-family B 
(MDR/TAP), member 1 (also known as P-glycoprotein [P-gp], the symbol approved by the HUGO Nomenclature 
Committee is Abcb1) being a prominent candidate [51-55]. Interestingly, P-gp activity seems to decrease in the 
placenta in late gestation, potentially reducing the ability of the placenta to exclude synthetic glucocorticoids from 
the fetus at the end of pregnancy [54-59].  
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Taken together, during pregnancy, synthetic glucocorticoids can cross the placental barrier and become active in the 
fetus, potentially affecting the developing systems that express GRs (see below), for example the fetal brain and hpa axis.  

Fetal HPA Axis Development 

The fetal hpa axis differs from the postnatal hpa axis that has been described in detail elsewhere [60]. Fetal hpa axis 
controls intrauterine homeostasis, the growth and maturation of fetal organ systems, and establishes the estrogenic 
milieu of pregnancy. It is critical that the fetal adrenocortical system and structures involved in its regulation 
develop and function properly to ensure fetal maturation. The major physiological role of the postnatal 
adrenocortical system is to synthesize and secrete glucocorticoids for the maintenance of metabolic homeostasis and 
the stress response and mineralocorticoids for the maintenance of fluid and electrolyte balance [61]. One reason for 
the functional differences of the pre- and postnatal hpa axis is that hypothalamus, pituitary, and adrenal gland are 
subject to dynamic morphological and/or functional changes in utero, attaining adult shape and function soon after 
birth. Furthermore, fetal hpa axis is considerably regulated by the placenta (for details see below). The present 
knowledge about the developmental biology of the human and nonhuman primate fetal hypothalamus, pituitary, and 
adrenal cortex has previously been reviewed extensively [61-64]. Based on these reviews, we here briefly 
summarize function, anatomy and development of the embryonic and fetal hpa axis.  

Anatomy and Function 

By the seventh week of gestation, the human fetal hypothalamus is detectable [63], and CRH-positive fibres exist by 
the 16th gestational week [65]. The portal system for the transport of hypothalamic releasing factors to the pituitary 
gland is detectable at 11.5 weeks of gestation, allowing the hypothalamus to exert control over pituitary 
corticotropes around midgestation [66]. A rudimentary adenohypophysis in the pituitary gland can be identified by 
six weeks of gestation, which matures within the subsequent eight weeks [63]. The presence of corticotropes has 
been demonstrated by immunohistochemical studies at seven weeks of gestation [67]. Accordingly, ACTH secretion 
has been shown to occur at eight weeks of gestation [68]. By eight weeks, the embryonic adrenal cortex is clearly 
defined with its characteristic zonal partitioning, while the anlage of the adrenal cortex is detectable already at four 
weeks of gestation [61]. The fetal adrenal cortex of the primate consists of three compartments that are 
morphologically and functionally different, and distinguishable on the basis of the expression of specific 
steroidogenic enzymes: the fetal, the definitive, and the transitional zone [61]. The former comprises the major 
portion of the fetal adrenal cortex, and represents the primary site of growth and steroidogenesis. The fetal zone 
produces dehydroepiandrosterone sulfate (DHEA-S), the principle steroid product of the primate fetal adrenal gland 
throughout gestation. Mineralocorticoids are produced in the definitive zone in late gestation, while the smaller 
transitional zone is the site of glucocorticoid production and thus the precursor of the adult zona fasciculata [61]. 
The fetal adrenal cortex, especially the fetal zone, begins to grow rapidly from ten weeks of gestation until term, and 
by midgestation, the fetal zone forms the major part of the adrenal. Size and weight of the fetal adrenals double 
between 20 and 30 weeks, achieving a relative size 10- to 20-times that of the adult adrenal, further doubling until 
term [61]. By the 30th week of gestation, the fetal adrenal cells begin to take on a rudimentary appearance of the 
adult adrenal cortex through remodeling [69]. During early gestation, the adrenals take up steroidogenic activity. 
After eight to ten weeks of gestation, low levels of estriol, indicative of DHEA-S production in the fetal adrenals 
[70], can first be detected in the maternal circulation. Within the subsequent month, estriol concentrations in the 
maternal circulation increase rapidly up to 100-fold. Activity of the fetal zone subsequently continues to increase 
during the second and third trimester, producing around 200 mg DHEA-S/day at term [61]. Cortisol production 
begins between ten and twenty weeks of gestation, with progesterone being a possible precursor [61, 71, 72]. 
However, de novo synthesis of cortisol from cholesterol starts rather late in gestation. This leads to a large increase 
of cortisol concentrations in the third trimester [61]. In summary, hpa axis structures are detectable early during 
pregnancy. They show rapid growth and start steroidogenic activity by about eight to ten weeks of gestation. 

Regulation 

Stimulators of the fetal hpa axis are acute hypoxia, systemic hypotension, hemorrhage, psychological stress, noxious 
stimuli and neuropeptides, while the fetal hpa axis can be inhibited by glucocorticoids and vagal stimulation [64]. 
The human fetus can mount hormonal stress responses to invasive stimuli, with rises in beta-endorphin, cortisol and 
noradrenaline [73, 74], wich are independent of maternal hormonal reactions to invasive procedures [75]. Ng and 
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coworkers [64] have illustrated the neuroendocrine interaction between the fetal hpa axis and the placenta. ACTH 
secreted from the fetal pituitary is the major regulator of the human fetal adrenal cortex. However, the fetal adrenals 
are also influenced by growth factors, transcription factors, and placental factors including CRH [61, 76]. For 
example, the production of proopiomelanocortin (POMC) and ACTH in the fetal pituitary is stimulated by placental 
CRH [77, 78], which thereby regulates growth and function of pituitary corticotrope cells and adrenal cortex [61, 
64]. Given that placental and hypothalamic CRH are identical in immunoreactivity, bioactivity, and structure, it is 
possible that both fetal hypothalamic and placental CRH stimulate fetal pituitary. However, circulating CRH seems 
to be largely of placental origin, as umbilical venous were higher than arterial CRH concentrations [79]. Fetal 
ACTH enhances adrenal secretion of cortisol, which in turn reduces the axis’ activity via negative feedback 
mechanisms [64, 80]. Most importantly, fetal ACTH stimulates synthesis of DHEA-S [64], which itself is a 
substrate for placental estrogen synthesis [70]. In the baboon, placental estrogens were shown to inactivate cortisol 
by its conversion to cortisone in the placenta. By reducing fetal exposure to maternal cortisol, this inactivation 
decreases inhibition of the fetal hpa axis via negative feedback by maternal cortisol, thereby maintaining the 
concentrations of fetal ACTH, cortisol and DHEA-S synthesis. This mechanism may underlie the rapid adrenal 
cortex growth around midgestation [81, 82]. Moreover, fetal adrenal glucocorticoids stimulate placental CRH 
production via a positive feedback circuit, resulting in constantly increasing CRH, ACTH, and cortisol 
concentrations at the end of gestation [64]. Taken together, the fetal neuroendocrine system is subject to a complex 
pattern of regulation via negative and positive feedback mechanisms.  

Adaptation to Extrauterine Life 

The fetal zone of the adrenal cortex degenerates immediately after birth and the zona fasciculata matures within 
three weeks [83]. Despite the remodeling of the adrenal cortex, there is no evidence of adrenocortical insufficiency 
in term infants during this critical period [61]. In contrast, serum levels of cortisol were even shown to gradually 
increase after birth in term infants [84]. Even infants born preterm showed an increase in cortisol concentrations 
within the first day postpartum, with values decreasing again up to age four weeks, but they did not fall below 
concentrations observed around birth [85]. However, other investigators reported a rapid decrease in ACTH, cortisol 
and cortisone precursors in term and preterm infants immediately after birth, with a nadir approximately two months 
postpartum [62]. This has to be clarified in future studies. 

Interestingly, premature infants maintain fetal patterns of hormonal regulation until remodeling of adrenals is 
complete. Therefore, it is not surprising that different patterns of hormonal activity have been reported in premature 
infants as compared to term infants and that these patterns are amongst others linked to gestational age [62-64]. 

Taking into consideration everything else hpa axis activity starts early in embryonic life, passing through dynamic 
changes throughout gestation and the neonatal period up to adult life. Adequate maturation of the hypothalamus, 
pituitary, adrenal cortex, and systems involved in the regulation of the hpa axis serves appropriate ontogeny. 
Disturbances of this complex maturational process may thus result in a dysfunctional endocrine system later on. 

Development of Glucocorticoid Receptors 

Synthetic glucocorticoids act via the intracellular GR that binds cortisol with low affinity and synthetic 
glucocorticoids with high affinity. GRs are expressed in most organ systems, including the brain, where high GR 
expression occurs in the amygdala [86], hippocampus [87, 88], and the paraventricular nucleus of the hypothalamus 
(PVNh) [87, 89]. High levels of GR are also expressed in the pituitary gland [90, 91]. Thus, GR expression is high 
in those regions involved in regulation of corticotropin releasing hormone (CRH) and adrenocorticotropic hormone 
(ACTH) synthesis and release, thereby being a major modulator of the hpa axis, which is the major source of 
endogenous glucocorticoid hormones. 

The stage of maturation of GR expression in the fetal hpa axis or those regions involved in its regulation determines 
whether synthetic glucocorticoids administered during gestation can exert effects on fetal hpa axis [92, 93]. In mice, 
more GR messenger RNA (mRNA) is expressed in the fetal zone of the placenta than in the decidual zone from 
around midgestation [94], suggesting that synthetic glucocorticoids may become active at the placental level early 
during gestation. In humans, GR mRNA expression in the fetal hippocampus was detected at 24 weeks of gestation, 
meaning that the receptor is present in the fetal brain around the time when synthetic glucocorticoids are given to the 
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mother to accelerate fetal lung maturation [95]. The ontogeny of GR in the fetal PVNh or pituitary in humans is as 
yet unknown. Interestingly in sheep, high levels of GR mRNA are present in the fetal cerebral cortex, hippocampus, 
and PVNh in mid-late gestation [96]. Sheep have a pattern of prenatal brain development similar to humans, and 
have a high degree of neurological maturity at birth [97]. In the mouse fetus, GR gene expression in hypothalamus 
and pituitary was detected around midgestation with salient increases in the pituitary towards the end of gestation, 
when glucocorticoid production rises. In contrast, in the mouse fetus adrenals, GR mRNA expression remains low 
throughout gestation [94]. In the common marmoset (Callithrix jacchus), GR expression in the neonate 
hippocampus and PVNh is similar to that of adults, indicating that brain GR expression is already mature at birth, 
and implying that fetal GR expression will also be substantial in those species that give birth to relatively mature 
offspring [98].  

Taken together, there is evidence that brain GRs will be substantially activated in the fetus following glucocorticoid 
treatment, given the early presence of GRs in the fetal brain and given the evidence that synthetic GR agonists 
administered to the mother can enter the fetal brain. Consequently, offspring hpa axis function could be acutely or 
chronically influenced [99].  

FETAL PROGRAMMING OF HPA AXIS BY SYNTHETIC GLUCOCORTICOIDS: EVIDENCE FROM 
HUMAN AND ANIMAL STUDIES 

Human Studies 

The effects of intrauterine exposure to synthetic glucocorticoids on hpa axis have been systematically reviewed in 
detail [100]. We here summarize the major findings regarding (a) basal hpa function, (b) hpa reactivity, (c) 
glucocorticoid dose and time between treatment and sample collection, and (d) an integrating model of altered hpa 
function due to intrauterine exposure to synthetic glucocorticoids.  

Basal HPA Function 

Basal fetal pituitary-adrenal function was assessed by measuring markers of fetal hpa activity, including ACTH, 
cortisol, and DHEA-S, in cord blood and amniotic fluid during gestation and at birth. Concentrations were lower in 
fetuses exposed to synthetic glucocorticoids in utero compared to unexposed fetuses.  

Evidence from multiple studies [see 100] suggests that during the first postnatal days, plasma cortisol concentrations 
are reduced in infants exposed to glucocorticoids, compared to unexposed infants. Subsequently, cortisol levels 
seem to increase to normal until not later than 2 weeks postpartum. However, some studies did not confirm this 
picture. Interestingly, at the same time, hpa axis secretagogues other than cortisol, such as ACTH, 17-OHP and 11-
deoxycortisol, were in the normal range. This suggests that pituitary function and adrenal steroidogenesis normalizes 
earlier than cortisol synthesis and secretion, in infants exposed to synthetic glucocorticoids in utero compared to 
unexposed infants.  

In summary, the available literature suggests an overall time course pattern of basal hpa function related to 
intrauterine exposure to glucocorticoid exposure, consisting of a short period of reduced activity, followed by 
recovery to normal levels by approximately two weeks postpartum.  

HPA Reactivity 

To investigate the reactivity of neonatal and infant hpa axis, pharmacological challenges with substances such as 
ACTH or ACTH agonists, metyrapone, and human CRH were applied, and reactions to painful stressors were 
measured.  

Pharmacological Challenge 

Available evidence suggests that within the first six weeks postpartum, adrenocortical reactivity to a standard dose 
of ACTH is unaltered in infants exposed to synthetic glucocorticoids in utero. This may seem to some extent 
counter-intuitive in light of substantial evidence for suppressed basal hpa function after intrauterine exposure to 
synthetic glucocorticoids. However, the evidence would be consistent with a situation in which the level of hpa axis 
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inhibition leading to reduced basal cortisol concentrations would be located at the hypothalamus or pituitary rather 
than the adrenocortex [100]. Indeed, evidence from metyrapone stimulation confirmed studies using stimulation by 
ACTH, both indicating an intact adrenocortical activity in infants exposed to synthetic glucocorticoids in utero, 
while demonstrating an uncompromised pituitary reserve and feedback [101].  

There was only weak evidence for suppressed cortisol reaction to hCRH administration in infants exposed to 
dexamethasone in utero. Moreover, no significant influence of dexamethasone exposure on post-hCRH ACTH 
concentrations has been reported.  

In conclusion, at present, the available evidence does not suggest suppression of hpa reaction to pharmacological 
stimulation in infants exposed to glucocorticoids in utero (except for limited evidence of mild inhibition of the 
cortisol response to hCRH administration seven days postpartum).  

Painful Stressors 

Most studies assessing changes in hpa axis reactivity in relation to glucocorticoid exposure in utero reported on hpa 
reactivity after moderate pain by pinprick or following discomfort triggered by a medical examination or 
intervention between the first days and 12 months after birth [102-108]. Most of these studies found evidence for 
reduced pain-related hpa axis reactivity in neonates and infants exposed to glucocorticoids in utero. The observation 
that hpa axis responses to pain-related stress are reduced within the first postnatal week in glucocorticoid exposed 
infants is in line with evidence for reduced basal hpa function shortly after birth, suggesting a rather general 
dampening of hpa axis function that is not restricted to reduced basal activity immediately after birth but also affects 
reactivity to painful stimulation. However, there is some evidence that glucocorticoid-exposure related reduced basal 
hpa activity and reduced hpa reactivity to pain-related stress de-couple after the first two weeks of life, with the 
former recovering and the latter persisting until four months of life.  

Pharmacological Challenge Versus Painful Stressors 

Interestingly, in infants exposed to synthetic glucocorticoids in utero compared to controls, pharmacological 
challenge revealed at best only slightly blunted cortisol reactivity shortly after birth, while pain-related stressors 
revealed sustained blunting of cortisol reactivity up to four months of age. A potential explanation of this putative 
discrepancy may be that hpa reactions to the applied pharmacological challenges do not reflect processes that occur 
at supra-hypothalamic levels. Hence, blunted hpa axis reactions to painful, but not to pharmacological, stimulation 
may reflect reduced hypothalamic input from higher levels (e.g. limbic system, cortical structures) [100].  

 
Figrue 1: Model of hpa Axis Programming by Synthetic Glucocorticoids In Utero (Figure is Reproduced and Adapted, with 
Permission, from Tegethoff, 2009. Copyright 2009 by Cuvillier). 
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Integrative Model of HPA Function Alterations Following Exposure to Synthetic Glucocorticoids in Utero 

Current data provide the basis for the following model [100] (Fig. 1): Exposure to synthetic glucocorticoids in utero 
leads 1) to a blunted fetal hpa activity at different levels, as indicated by substances assessed in cord blood and 
amniotic fluid; 2) to a subsequent normalization within the first week postpartum of basal hpa activity at the level of 
the pituitary, indicated by normalized ACTH levels, but an ongoing reduction of basal adrenocortical activity; 3) to a 
subsequent recovery of basal hpa activity at the level of the adrenocortex, as indicated by normalized basal 
concentrations of indicators of cortisol synthesis or secretion by the end of the second week post-partum, and 4) to 
ongoing reduced hpa reactivity during the first months of life that probably originates from changes at supra-
pituitary levels, as suggested by evidence from pharmacological and psychological challenge. 

The validity of this model is challenged by some methodological issues that complicate the interpretation of the 
available studies, such as the use of quasi-experimental study designs and potential confounding by treatment 
indication or small sample sizes, as well as risk of publication bias. 

HPA, HYPOTHALMIC-PITUITARY-ADRENAL 

Animal Studies 

Some of the above-mentioned methodological limitations of human studies, especially the use of a quasi-
experimental study design, due to the ethical barriers to experimentally manipulate exposure to glucocorticoids in 
humans, can be overcome in animal studies. 

A study with rodents showed that exposure to synthetic glucocorticoids early in life can blunt basal hpa activity as 
well as hpa reactivity to stress during the neonatal period and in later life [e.g. 110, 111, 112]. In contrast to that, in 
an ample amount of studies, early exposure to synthetic glucocorticoids was related to increased hpa activity at 
different life stages in various species, including nonhuman primates [113-117]. If everything else is taken into 
consideration, the findings from animal studies suggest that long-term hpa dysregulation, rather than either static hpa 
hypoactivity or hyperactivity, is the overarching consequence of exposure to synthetic glucocorticoids early in life 
[12, 13, 16, 118-120]. There is a big need for a detailed and systematic comparison between findings from human 
and animal studies, taking into account potential heterogeneity between species in which the hpa axis primarily 
matures postnatally (such as rats, rabbits, and mice) and species in which the hpa axis primarily matures prenatally 
(such as primates, sheep, and guinea pigs) [97]. Such comparison of findings from animal and human studies may 
foster our understanding and interpretation of results from human studies, with a special emphasis on revealing the 
mechanisms underlying the observed effects of synthetic glucocorticoids on hpa axis. 

POTENTIAL BIOLOGICAL MECHANISMS MEDIATING HPA AXIS PROGRAMMING BY 
GLUCOCORTICOIDS 

Several biological mechanisms may mediate the hpa related consequences of intrauterine exposure to syntethic 
glucocorticoids. The blunting of fetal and newborn hpa activity may be a direct consequence of the suppressing 
effects of the synthetic glucocorticoids administered to the mother, while they are in the circulation. This is 
supported by several studies that assessed the effects of synthetic glucocorticoids close to their administration before 
they could have been cleared from blood. However, a range of studies assessed hpa reactivity at more than 72 hours 
after birth, which is at a time when synthetic glucocorticoids are most likely virtually cleared from blood [121, 122]. 
Such a lasting adrenal suppression beyond the clearance of the administered synthetic glucocorticoids [e.g. 102, 
103-105, 123-126] indicates that changes in hpa activity become independent from current exogenous influence, 
suggesting the development of changes in structure or function of hpa axis or brain regions involved in hpa 
regulation, establishing a sustained dampening of hpa activity. For example, different alterations of hpa axis, such as 
primary or secondary adrenal insufficiency or (compensatory) down-regulation of receptors at higher hpa axis 
levels, may underlie the hypocortisolemic phenotype that was observed after exposure to synthetic glucocorticoids 
in utero [100]. Findings from animal studies suggest that functional hpa axis changes following intrauterine 
exposure to synthetic glucocorticoids are associated with (i) changes at higher brain levels, including alterations in 
diverse brain structures involved in hpa axis regulation, particularly the hippocampus, (ii) changes in GR expression 
and (iii) variations in other neuroendocrine and neurotransmitter systems [12, 16, 118]. In summary, while inducing 
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a short-term hypercortisolemic state in the fetus due to their direct glucocorticoid properties, synthetic 
glucocorticoids concomittantly reduce hpa function. This blunting of hpa activity might be due to various biological 
mechanisms [for a detailed discussion, see 100].  

CLINICAL RELEVANCE OF HPA HYPOACTIVITY IN INFANCY 

A blunted hpa activity in infancy following exposure to glucocorticoids in utero may be of clinical relevance. 
Reduced fetal and infant hpa function will affect the tissue exposure to endogenous glucocorticoids, and may result 
in altered rate of development and/or health impairment. To the best of our knowledge, this question has, not yet 
been comprehensively addressed in humans. However, the broad physiological functions of endogenous 
glucocorticoids [18] and several experimental and clinical observations suggest that changes in endocrine activity at 
an early stage of life are likely to be of clinical relevance.  

For example, the hypothesis that reduced hpa activity early in life may affect development is supported by several 
studies on the long-term consequences of early postnatal glucocorticoid therapy due to respiratory distress. Indeed, this 
treatment has repeatedly been linked to blunting of hpa function [e.g. 127, 128-132]. Infants postnatally treated with 
dexamethasone for respiratory distress show reduced behavioral and cognitive performance and compromised 
neuromotor and psychomotor development [e.g. 133, 134-136]. Notably, as yet we have no clear evidence that the 
observed suppression of hpa function in infants postnatally exposed to synthetic glucocorticoids mediates the reported 
developmental consequences of the treatment. Besides this, valid extrapolations from postnatal glucocorticoid 
treatment to make assumptions about prenatal glucocorticoid treatment may be limited as for example postnatal 
glucocorticoid therapy usually lasts longer than prenatal therapy, therefore leading to stronger changes.  

Further evidence comes from a series of studies revealing an association between atopic diseases and attenuated 
cortisol stress responses in children [137, 138] and adults [139].  

If everything is considered, the results from experimental and clinical studies suggest that blunted hpa activity early 
in life may impair development and health in the short and in the long term. More studies are highly warranted to 
evaluate the clinical implications of altered tissue exposure to endogenous glucocorticoids in fetuses and newborns 
following exposure to synthetic glucocorticoids in utero. 

THE HPA AXIS AS PUTATIVE LINK BETWEEN INTRAUTERINE EXPOSURE TO 
GLUCOCORTICOIDS AND COMPROMISED HEALTH 

Intrauterine exposure to synthetic glucocorticoids has been associated with impaired fetal growth [140], modulated 
fetal immune function [141], compromised cognitive [142, 143], neurological [144], and psychological function 
[145], as well as increased blood pressure [146] into adolescence [12, 13]. The question arises whether this 
association may be mediated (at least in part) by blunted hpa activity, as suggested by the above mentioned evidence 
that in humans (i) exposure to synthetic glucocorticoids in utero is blunting fetal and infant hpa activity and (ii) 
blunted hpa activity during infancy is associated with developmental and health impairment [141, 147-150]. 
However, there are other alternative mechanisms potentially underlying the link between intrauterine exposure to 
synthetic glucocorticoids and impaired developmental and health, such as changes in brain regions with GR 
expression that are not involved in regulation of the hpa axis, or changes in other organ systems that express GR. 
Further studies are needed to scrutinize the clinical relevance of changes in hpa axis activity following intrauterine 
exposure to synthetic glucocorticoids.  

BENEFICIAL EFFECTS OF FUNCTIONAL HYPOCORTISOLISM: AN EVOLUTIONARY 
PERSPECTIVE 

According to the thrifty phenotype hypothesis originally proposed by Hales and Barker, the observed changes of hpa 
function in infants exposed to synthetic glucocorticoids in utero may be advantageous from an evolutionary 
perspective [151]. Their hypothesis says that the fetus responds to an adverse prenatal environment by making 
developmental changes that are appropriate in the short run and that may also be adequate in the long run provided 
that the anticipated postnatal environment is as adverse as the prenatal environment [151]. Only if the postnatal 
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environment is not as adverse as anticipated, the adaptive changes might be disadvantageous in the long run. 
Consequently, by decreasing hpa function, fetuses exposed to synthetic glucocorticoids, which simulate a stressful 
environment, compensate for the large amount of exogenous glucocorticoids that reach their body. By settling down 
at roughly normal total (exogenous plus endogenous) glucocorticoid concentrations, the prenatal adaptive changes 
appear to be appropriate. Apart from this immediate benefit, sustained hpa suppression into postnatal life would only 
be beneficial in the long run if fetuses were indeed born into the expected stressful environment. For instance, 
functional hypocortisolism may protect chronically stressed subjects against harmful effects of high allostatic load 
and be beneficial in terms of adaptation [147, 152]. However, as synthetic glucocorticoids are no longer given after 
birth in most cases, low endogenous cortisol production in the infant would be inappropriate under less stressful 
conditions, thereby possibly triggering diverse pathologies, as has been described above.  

The thrifty phenotype hypothesis may not only illuminate the evolutionary perspective on the whole purpose of 
reduced hpa function in infants antenatally exposed to synthetic glucocorticoids. It may further explain why some 
studies detected hpa hyperactivity while others reported hpa hypoactivity in animals treated with synthetic 
glucocorticoids in utero, or why Miller and coworkers demonstrated an unstable endocrine system at baseline and 
following pain-related stress in humans, with an inverse relationship between cortisol concentrations at two months 
and cortisol levels at four months, those with increased cortisol concentrations at two months having decreased 
cortisol concentrations at four months, and vice versa [106]: In expectation of a stressful environment, it may not 
only be advantageous to reduce hpa activity, but to evolve an endocrine system that is able to flexibly change 
according to requirements. 

Taken together, the observed patterns of fetal and newborn endocrine activity after antenatal treatment with 
synthetic glucocorticoids may, from an evolutionary perspective, reflect adaptive changes that are appropriate in the 
short run and may also be advantageous in the long run, provided that the fetus is born into the expected 
environment. Otherwise, the mal-adaptation may trigger adverse developmental and health outcomes, as has been 
described above. 

CONCLUSION AND OUTLOOK 

Synthetic glucocorticoids serve as common pharmacological treatment of numerous medical conditions. There is 
considerable evidence that exposure to synthetic glucocorticoids in utero is blunting fetal and, in some cases, 
newborn and infant hpa activity under basal conditions, and following pain-related stress. While the available data 
suggess that baseline hpa function recovers during the first two weeks postpartum, there is some evidence that 
reduced hpa axis reactivity to pain-related stressors persists throughout the first four months postpartum. More 
studies are needed to scrutinize whether exposure to synthetic glucocorticoids in utero profoundly influences hpa 
function beyond the first months into adult life. While, there is some data suggesting that early hpa dysregulation 
following exposure to synthetic glucocorticoids can be adverse, compromising development and health in the short 
term, more studies are needed to determine whether long-term health disturbances are to be expected. Potential 
mechanisms underlying changes in hpa axis activity following exposure to glucocorticoids in utero include 
alterations at subcortical and cortical levels of the brain. Further randomized follow-up studies are highly warranted 
to unravel the short- and long-term effects of intrauterine exposure to synthetic glucocorticoids on the offspring’s 
hpa axis, and their consequences for development and health throughout life. 
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CHAPTER 4 

Epigenetic Developmental Origins Hypothesis and Oxidative Stress  
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Abstract: Epigenetics is a heritable transcriptional regulation mechanism independent of DNA sequence. 
Epigenetic transcriptional control is achieved by regulation of chromatin conformation. The molecular 
mechanisms of epigenetics include post-translational modifications of histone and DNA methylation. Histone 
acetylation is the mostly studied epigenetic regulation. Histone deacetylase (HDAC) deacetylates histones and 
induce chromatin condensation, which prevent the approach of transcriptional regulating proteins. Methylated 
DNA is recognized by methyl-CpG binding protein (MBD) which recruits HDAC to the methylated region. 
Epigenetic status is known to be affected by oxidative stress condition via altering metabolic pathway associated 
with methylation reaction, and epigenetic abnormality on the developmental stage can influence brain and mental 
development. These suggest that oxidative stress condition affects brain and mental development via altering 
epigenetic regulation. In some mental retardation, such as Rett syndrome (RTT) and fetal alcohol syndrome 
(FAS), patients show microcephaly which may be caused by glial growth abnormality. The responsible gene of 
RTT is one of the MBDs, MeCP2. We discovered that knock down of MeCP2 in astrocytes reduced the growth 
rate, and DNA methyltransferase (DNMT) and HDAC inhibitors also did the same. Thus, epigenetic 
dysregulation induced mental disorder may be, at least partly, caused by abnormality of glial cells. 

Keywords: Epigenetic transcriptional control, DNA methylation, histone deacetylase, methyl-CpG binding protein, 
Rett syndrome, fetal alcohol syndrome. 

INTRODUCTION 

Transcriptional Regulation by Epigenetics 

Epigenetics is transcriptional regulating mechanisms independent of genomic DNA sequence. Epigenetics is 
heritable, but can be influenced by environment. Epigenetic transcriptional regulation is not encoded in the DNA 
sequence, but involves persistent changes in chromatin conformation. The molecular mechanisms of epigenetics 
include post-translational modification of histones and DNA methylation. 

Post-translational histone modifications are precisely and reversibly regulated for epigenetic regulation. The 
modification includes acetylation, methylation, and phosphorylation. The acetylation is known as a transcription-
activating modification, and mostly focused histone modification on epigenetics. The modification is achieved by 
the transfer of acetyl group from acetyl Coenzyme A to one or more lysine residues at the α-amino group by histone 
acetyltransferase (HAT). The acetylation neutralizes the positive charge of the lysine residues, and reduces overall 
positive charge of histones. Thus, it weakens the affinity of histones to negatively charged DNA.  

The reduced histone-DNA interaction results in a decondensed (i.e. open) chromatin conformation which allows 
transcriptional activators to gain access to their recognition elements (Fig. 1). Mainly three HAT families, p300/CBP 
family, GNAT family, and MYST family have been reported [1]. Deacetylation of the acetylated histone is also 
precisely regulated. Since acetylation of histone induces decondensed chromatin conformation, the deacetylation 
induces condensed (i.e. close) conformation (Fig. 1).  

The deacetylation is achieved by histone deacetylases (HDAC). In mammals, HDACs are divided into four major 
classes based on their homology. Class I HDACs include HDAC1, 2, 3, and 8. Class II HDACs include HDAC4, 5,  
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6, 7, 9, and 10. Class III HDACs include SIRT1-7, and are also known as sirtuin family. They are nicotinamide 
adenine dinucleotide (NAD+) dependent enzymes, and focused on their important roles in longevity. Most recently 
identified HDAC11 is classified as class IV HDAC due to its distinct structure. HDAC I, II, and IV are zinc-
dependent enzymes [2]. 

 
Figure 1: The Mechanisms of Histone Acetylation Dependent Transcriptional Regulation. 

DNA methylation is generally known as a transcriptional repression signal. DNA methylation involves covalent 
modification at carbon-5 position of cytosine (C) residues of CG dinucleotide sequences (CpG) in DNA. The 
responsible enzyme is DNA methyltransferase (DNMT), which transfer methyl-group from S-adenosylmethionine 
(SAM) to C residues (Fig. 2). The both strands of C in CpG are generally methylated.  

During DNA replication, the parent strand remains methylated, but the daughter strand is not methylated. The 
unmethylated C residues in daughter strand are then methylated by maintenance DNMT, and the parental 
methylation patterns can be restored. There are two types of DNMTs. One is responsible for de novo methylation 
which establishes the methylation pattern, and the other is maintenance DNMT. In mammals, four DNMTs have 
been reported: DNMT1, 2, 3A, and 3B. DNMT3A and B are known as de novo DNMTs, while DNMT1 is 
maintenance DNMT [3].  

DNA methylation dependent transcriptional repression is also achieved by condensation of chromatin conformation. 
Methylated DNA is recognized by methyl DNA binding proteins (MBD). MBD includes MeCP1, 2, and MBD1-4. 
MeCP2 has been studied in detail about transcriptional repression mechanisms. MeCP2 contains two functional 
domains, a methyl-CpG-binding domain (MBD) essential for binding to 5-methyl cytosine, and a transcriptional 
repression domain (TRD) which interacts with a corepressor complex (Fig. 2).  

The co-repressor complex contains HDAC and a transcriptional repressor Sin3a. When MeCP2 bind to methylated 
DNA via MBD, HDAC is recruited to the MeCP2 binding region, and deacetylates the histones. It results in 
condensed chromatin conformation which is the transcriptionally silenced state (Fig. 2). 

Oxidative Stress and Epigenetics 

Redox state can affect methylation via SAM synthetic pathway. Methylation needs SAM as a donor substrate. SAM 
is synthesized by one-carbon metabolism which is consisted with interconnection between folate cycle and 
methionine cycle (Fig. 3).  
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Figure 2: The Mechanisms of DNA Methylation Dependent Transcriptional Regulation. Ac: Acetyl Group, Me: Methyl Group. 

 
Figure 3: Effects of Oxidative Stress on One-Carbon Metabolic Pathway Associating with DNA Methylation. 

It was reported that dietary folate influenced epigenetics by altering the synthesis of SAM [4], and mutations in 
genes of folate metabolism prior to the SAM synthesis disrupted DNA methylation [5]. During methylation reaction, 
the donor substrate SAM is changed to S-adenosylhomocysteine (SAH). SAH is then hydrolyzed to adenosine and 
homocysteine. The one-carbon metabolism includes trans-sulfuration pathway, which is a synthetic pathway of 
glutathione (GSH) from homocysteine. On the other hand, homocysteine is also utilized for resynthesis of SAM via 
methionine cycle. It indicates that SAM synthesis is competitive metabolic pathway to glutathione synthesis (Fig. 3). 

GSH is an important low-molecular weight thiol antioxidant. On the oxidative stress condition or in the case of 
development, increased production of GSH is required. It was reported that depleting GSH decreased the level of 
SAM, and led to genome-wide DNA hypomethylation [6]. It indicates that altering the level or synthesis of GSH can 
directly impact the level of DNA methylation by altering SAM pools. It suggests that the conditions changing the 
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GSH synthesis can affect the epigenetic patterns. In gametes or during developmental stage, glutathione synthesis 
changes to prevent reactive oxygen species (ROS)-induced damage. Therefore, we can speculate that oxidative 
stress condition or GSH synthesis during development mechanistically linked to epigenetic transcriptional regulation 
via synthesis of SAM.  

The redox state of a cell can also affect the SAM synthesis by altering the activity of SAM synthase. SAM synthase, 
also known as methionine adenosyl transferase (MAT), catalyzes the conversion of methionine, in the presence of 
ATP, into SAM. In mammals, there are three forms of MAT, MAT I, MAT II, and MAT III. Since MAT has 10 
cysteine residues per subunit, MAT activity may be sensitive to oxidation or nitrosylation. It was reported that 
hydrogen peroxide (H2O2) inactivate MAT via the modification of cysteine residues [7]. Nitric oxide (NO) can also 
inactivate MAT via S-nitrosylation of cysteine residue [8] (Fig. 3). Regarding the GSH, increasing level of GSH 
enhances the MAT activity, and GSH / GSSG ratio influence the activity. High GSH / GSSG ratio maintains MAT in 
a reduced state, and allow the enzyme to achieve maximum activity (Fig. 3). Therefore, oxidative stress and the 
GSH / GSSG ratio during development directly affects MAT activity, and in turn influence the epigenetic pattern by 
altering the level of SAM [9]. 

Oxidative stress leads to increased production of ROS. Generation of hydroxyl radical causes a wide range of DNA 
lesions including base modifications, deletions, strand breakage, and chromosomal rearrangements. Such DNA 
lesions have been shown to interfere with the ability of DNA to function as a substrate for DNMTs, resulting in 
hypomethylation. In CpG dinucleotides, the C residue is the base for DNA methylation, whereas the G residue is the 
site for oxidative damage. The guanine oxidative product, 8-oxoguanine (8-oxoG), is a major form of DNA damage, 
and 8-oxoG is used as a marker of oxidative damage. Conversion of G to 8-oxoG in methylated CpG dinucleotide 
diminishes MBP binding to DNA (Fig. 4). In addition, the methyl group of 5-methylcytosine is susceptible to 
oxidation and generates 5-hydroxymethyl cytosine. Conversion of 5-methyl C to 5-hydroxymethyl C also 
diminishes MBP binding (Fig. 4) [10]. Thus, these nucleotide modifications by ROS interferes with DNA 
methylation dependent transcriptional regulation, and results in epigenetic alterations. 

 
Figure 4: Modification of DNA by Oxidative Stress and its Effects on the Binding of MBD to DNA. CH2OH: Hydroxymethyl 
Group, Me: Methyl Group, Oxo: 8-Oxo Group. 

Epigenetic Alteration and Risk of Developmental Disorder 

After the discovery of MeCP2 as a responsible gene of heritable autistic disease Rett syndrome (RTT) [11], the 
importance of epigenetics on development has been noticed. Recently, it has been reported that perinatal 
environment which affects epigenetic status has important impacts on not only mental development but also health 
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trajectories later in life [12]. 

RTT is an X-linked disorder which primarily affects females. Classic RTT is characterized by apparently normal 
early development for the first 6 to 18 months of life followed by a period of regression and loss of acquired skills 
that results in intellectual disability, loss of speech and purposeful hand movements, ataxia, seizures, and respiratory 
abnormalities. About 96% of classic RTT cases are associated with MeCP2 mutations.  

Significant phenotypic variability exists in classic RTT, even among individuals with the same MeCP2 mutation. 
The variability has been explained by skewed X-chromosome inactivation (XCI) pattern [13]. Although much 
progress has been made in understanding the functions of MeCP2, it is still unclear exactly how MeCP2 mutations 
contribute to the pathogenesis of RTT. Synapse formation and maturation requires activity-dependent gene 
expression. MeCP2 has been reported to control the expression of some of them, such as BDNF, and MeCP2 
mutations dysregulate the expression of them [13]. This is thought to be an underlying cause of RTT. 

Antiepileptic drug valproate (VPA), which is also known as HDAC inhibitor, is used to control various types of 
convulsive disorder or as mood stabilizer. However, VPA is known to be teratogenic. When it is used by pregnant 
mother, the risk of congenital abnormalities in the embryo and fetus is increased [14]. One of the major symptoms is 
autistic spectrum disorder (ASD), and prenatal exposure of VPA in rodents is used as autistic model [15].  

The abnormality induced by VPA was reported to interfere with folic acid [14] which can contribute to the synthesis 
of methyl donor SAM. VPA was reported to change gene expressions via its HDAC inhibition activity. These 
suggest that VPA shows teratogenicity including autistic symptom via dysregulation of epigenetics. 

The long-term effects of maternal behavior in the rat on the stress responsivity of the offspring during adulthood 
were reported [16]. The adult offspring of mothers which exhibit high levels of pup licking / grooming (i.e., high LG 
mothers) over the first week of life show increased hippocampal GR expression compared to rats reared by low LG 
mothers. Cross fostering studies suggest that maternal care affects both GR gene expression and stress responsivity. 
It raises the possibility that maternal care influences epigenetic regulation. Actually, differences in DNA methylation 
and histone acetylation state in the regulatory region of GR gene were observed in the hippocampus of the offspring 
between high and low LG mothers. It suggests that epigenetic patterns, which are elaborated early in life in response 
to maternal behavior, remain stable into adulthood. 

As described above, epigenetics closely associates with mental development. Recently, not only mental development 
but also the risk of metabolic syndrome or diabetes associates perinatal epigenetic change [12]. Therefore, 
epigenetics will be a target for broad range of health. 

Epigenetic Dysregulation and Glial Growth Abnormality 

In the brain, there are mainly two classes of cells, neuron and glia. Neuron is information processing cells by 
organizing neuronal circuit. Glia includes three types of cells, astrocytes, oligodendrocytes, and microglia.  

Astrocytes have been thought to be just supporting cells for neurons. Recent finding demonstrated that astrocytes 
regulate neuronal information process more directly. Therefore, astrocyte abnormality induced by epigenetic 
dysregulation can influence brain development. 

Some mental developmental disorder, such as RTT and fetal alcohol syndrome (FAS), show microcephaly [17]. FAS 
is a disease that prenatal alcohol exposure leads abnormality, including mental retardation and microcephaly. Brain 
growth is achieved not only by neuronal maturation and circuit formation but also glial proliferation and maturation.  

In FAS, ethanol induced growth retardation of astrocytes was reported. In addition, ethanol was reported to affect 
epigenetic regulation. Thus, we studied if epigenetic dysregulation associates growth retardation of astrocytes. The 
responsible gene for RTT is MeCP2, which is known as an epigenetic transcriptional regulator as described above. 
In the past, MeCP2 was thought to be exclusively expressed in neurons [20], mainly studied in postnatal brain. 
Whereas, it is known that RTT shows microcephaly [17]. 
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From this observation, we speculated the possibility that MeCP2 is expressed in glial cells, including astrocytes, at 
least on developmental stage, and affects growth rate of astrocytes. We prepared primary cultured glial cells from 
embryonic day 18 (E18) mouse cortex, and studied if astrocytes express MeCP2 [21]. After passage for removing 
neurons, the cells were immunostained against MeCP2 and astrocyte marker GFAP. In this condition, we observed 
the presence of the cells which expressed both MeCP2 and GFAP (Fig. 5). 

 
Figure 5: Expression of MeCP2 in Glial Cells. Primary Cultured Glial Cells (A) Or Acutely Dissociated Cortical Cells from E18 
Mice were Subjected to Immunocytochemical Staining. (A) The Glial Cells were Stained with Mecp2 (Red) and GFAP (Green) 
Antibodies. (B) The Brain Cells were Stained with Mecp2 (Red) and GFAP (Green in Left Panel) or MAP2 (Green N Right 
Panel). The Nuclei were Stained with hoechst33342. 

The evidence strongly suggests that embryonic astrocytes express MeCP2. However, it raises the possibility that 
MeCP2 is upregulated during culture in vitro. Thus, we stained the primary cultured cells which are acutely 
prepared. In the acutely prepared cortical cells, we could observe MeCP2 and GFAP double positive cells and 
MeCP2 positive cells without neuronal marker MAP2 (Fig. 5). Next, we studied if MeCP2 regulates growth of 
astrocytes. To achieve a knockdown on astrocyte’s MeCP2 we transfected siRNA against MeCP2. The siRNA 
transfected astrocytes showed reduced growth rate comparing to non-treated and control siRNA transfected 
astrocytes (Fig. 6).  

 
Figure 6: The Effect of Mecp2 Knock Down on Glial Cell Growth. Mecp2 and Control Sirna were Transfected to Glial Cells. 
After Incubation 24 and 48 H, the Cell Numbers were Evaluated by MTT Assay. 

It suggests that MeCP2 dysfunction reduced embryonic glial growth rate, and then caused a disorder associated with 
dysfunctional brain development like FAS. Recently, another group reported that MeCP2 is expressed in astrocytes 
and MeCP2 null astrocytes showed reduced neurotogenic activity [22].  
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Since there are some reports that MeCP2 can bind unmethylated DNA [23], we studied whether DNA methylation 
and / or histone modification actually reduce astrocytic growth rate [24]. Primary cultured astrocytes were treated 
with DNMT inhibitor 5-aza-deoxycytidine (5adC) or HDAC inhibitor VPA. Both of the inhibitor reduced the cell 
number and the reduction was abolished in the DNA polymerase inhibitor aphidicolin (Fig. 7).  

 
Figure 7: Effects of DMNT Inhibitor 5adc and HDAC Inhibitor VPA on Glial Cell Growth. E18 Mouse Cortical Glial Cells were 
Treated With 10µm 5adc or 100µm VPA in the Presence or Absence of DNA Polymerase Inhibitor Aphidicolin (Aph). 

It indicates that epigenetic dysregulation in astrocytes reduced the cell growth rate, but not induced cell death. 
Regarding the effects in vivo, we treated VPA to fetal mice by intraperitoneal injection of VPA to pregnant mother 
on E12. Prenatal VPA exposed mice is used as an autistic model [25], but it has not been reported whether this 
model mouse showed microcephaly. Thus, we made the autistic model mice and brain and body weight on postnatal 
days 0, 5, 10. The brain / body ratio was significantly lower in the VPA exposed autistic model (Fig. 8).  

 
Figure 8: Prenatal VPA Treatment Induced Microcephaly in Neonatal Mice. Brain and Body Weights Were Measured in VPA 
Treated Autistic Model Mice. 

CONCLUSION 

Our observations suggest that epigenetic dysregulation in astrocytes cause growth retardation of the astrocytes and 
microcephaly, that might associates with disorders in mental development. From these observations, epigenetic 
regulation on glial growth is suggested to be crucial for mental development. Therefore, epigenetic regulation in 
glial cells will be a target for treating mental disorder. In addition, oxidative stress can alter epigenetic regulation as 
described above. Some epigenetic abnormality induced mental disorder might be caused by oxidative stress. 
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CHAPTER 5 

Endothelial Dysfunction during Cardiac Development: A Heart to Heart 
Discussion of the Significance of the Nitrosative-Oxidative Disequilibrium 
Hypothesis 

Maqsood M. Elahi1 and Bashir M. Matata2,* 

1Department of Cardiothoracic Surgery, Prince of Wales and Sydney Children Hospital, Randwick, NSW, Australia 
and 2Liverpool Heart & Chest Hospital NHS Foundation Trust, Thomas Drive, Liverpool, United Kingdom 

Abstract: Endothelial dysfunction as a consequence of a variety of common cardiovascular disease risk factors is 
thought to be associated with increased reactive oxygen species (ROS) and the subsequent decrease in vascular 
bioavailability of nitric oxide (NO). In this article we give a detailed discussion of evidence of the impact of 
oxidative-nitrosative stress during maternal pregnancy on fetal development in animal models and also the 
association with the onset of cardiovascular conditions in adult humans. We highlighted specifically the presence 
of ROS in circulating blood as the key intermediary related to vascular injury and organ dysfunction. In addition, 
the evidence that red blood cells regulate the arteriolar microcirculation, coupling oxygen delivery with blood 
flow, highlighting their role in NO bioavailability. The unique natures of relationship between cell-signalling, 
transcriptional mechanisms and oxidative-nitrosative stress in the progression of coronary heart disease have also 
been discussed in greater detail. We have also discussed the emerging concepts that pharmacological prevention 
of cardiovascular events in the future might consists of the control of classical risk factors with specific 
interventions targeting oxidative stress while simultaneously improving NO production.  

Keywords: Oxidative stress, cardiac development, developmental programming. 

INTRODUCTION 

Experimental studies have so far reported the significance of the vascular endothelium in the regulation of 
homeostasis and myocardial wellbeing [1-9] through the participation of different metabolic, synthetic, and 
regulatory pathways within our body. We now know that a normal endothelial function is needed to maintain the 
control of antithrombotic and thrombolytic activity, vascular architecture and permeability, leukocyte interactions 
with the vessel wall, and regulation of vascular tone. In this context we and others have suggested the particular 
importance of endothelium derived nitric oxide (NO) bioavailability within blood [10-14]. In addition, the 
modulation of the bioavailability of NO and its precursors plays a key role in the oxidative-nitrosative 
disequilibrium phenomenon and that this may be related to the development of atherosclerotic lesions [15].  

NO is a free radical species (been investigated extensively over the years) that diffuses and concentrates in the 
hydrophobic core of low-density lipoprotein (LDL) to serve as a potent antioxidant [16,17]. Peroxynitrite (ONOO-), 
the product of the diffusion-limited reaction between NO and superoxide anion, as well as lipoxygenase, represent 
relevant mediators of oxidative modifications in LDL. Previously we have suggested the interactions between NO, 
peroxynitrite and lipoxygenase during LDL oxidation, are relevant in the development of early steps of myocardial 
remodelling in the disease phase as well as progression of atherosclerosis [18,19]. We have suggested at length in 
our recent review the role of NO in redirecting peroxynitrite reactivity in LDL, the lipophilic antioxidant sparing 
actions of NO and the effects of novel potential pharmacological strategies against such process [20]. Thus the 
knowledge of reduced NO bioavailability in human circulation is of prime interest to comprehend fascinating issues 
regarding cardiovascular disease process and heart-failure pathophysiology. Attempting to understand these issues 
requires insight into the pharmacologic and biologic underpinnings of mechanisms that enhance NO availability.  

Here we summarize the present understanding of NO metabolism in blood and its availability towards signalling 
mechanism responsible for heart-endothelial cells interaction in maintaining homeostasis. We also discuss in detail  
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the emerging concepts that pharmacological prevention of cardiovascular events in the future might consists of the 
control of classical risk factors with specific interventions targeting oxidative stress while simultaneously improving 
NO production.  

BIOMECHANICS OF NO 

NO is a ubiquitous signalling molecule that influences cardiovascular functioning by modifying post-translational 
effectors of cysteine residues [21]. This process is called S-nitrosylation that regulates key processes in both the 
heart and the vascular tree, and thus, can affect both cardiac performance and vascular tone [22, 23].  

This is a highly versatile signalling mechanism, facilitated by superoxide (O2
-) in dual faceted moieties in a 

concentration dependent manner [21]. Excess O
-

2 also reacts directly with NO, disrupting its physiologic signalling 
and potentially leading to the production of other toxic and reactive molecules, notably ONOO

_

 [22, 23].  

Thus, a central pathophysiological consequence of oxidative stress is the disruption of NO signalling causing 
nitrosative oxidative redox imbalance in the myocardium. In medium-to-large size conductance vessels, NO acts as 
the prototypical endothelium-derived relaxing factor by activating guanylyl cyclase to produce cyclic guanosine 
monophosphate.  

Finally, in the microcirculation, NO carried by S-nitrosohemoglobin (SNOHb) regulates blood flow [24,25]. It is 
important to note that NO is not produced by endothelial cells in the microcirculation but, rather, is carried there by 
hemoglobin itself [26-28]. Thus, to help guide the reader through these various reactions, it is useful to elaborate 
reactive indices of NO bioavailability that contribute to cardiovascular disruptive signaling. 

NITROSATION CHEMISTRY AND NITROSATIVE-OXIDATIVE DISEQUILIBRIUM IN VIVO 

A better knowledge of the fate of NO is an important prerequisite for a proper understanding of its physiology in 
blood. It is well opinionated that a continuous production and release of endothelial NO plays an important role in 
vascular homeostasis and cardiac function [29,30]. The supposedly rapid conversion of NO to biologically inactive 
metabolites in human blood formed the rationale for utilisation of inhaled NO therapy, where the rationale is that the 
short half-life of NO should confine its effect to the pulmonary circulation [31]. To address this issue, we recently 
studied the impact of inspired NO gas on physiological function and markers of inflammation-oxidative stress for 
coronary artery bypass graft patients. Outcomes from subjects that received 5 ppm and 20 ppm of inspired NO were 
compared to those not given NO gas.  

Breath-to-breath measurement commenced at the start of intubation and continued up to 4 hours later. Indices of 
cardiovascular function, alveolar-capillary gas exchange and haematological parameters were not significantly 
different in outcomes for the inspired NO groups as compared with control. We observed a reduction in mean 
systemic arterial pressure in all subjects at 30 minutes and 4 hours after bypass when compared with pre bypass 
values. Markers of systemic inflammatory response and oxidative stress increased during CPB particularly at 4 
hours and 24 hours after the initiation of bypass. In contrast, we observed a reduction in expired NO, at 24 hours 
after surgery in the groups given inspired NO. In addition, there was also a significant reduction in oxidative stress 
markers in blood at 24 hours after surgery for the groups given inspired NO as compared with the control group. In 
contrast, cytokines response remained similar in all the three groups at all time points. The results suggested that 
inspired NO gas has an antioxidant property that reduces the levels of cell death, and is not associated with 
significantly worse-off physiological outcomes [19].  

In circulation, red blood cells (RBCs) are believed to be a major sink for NO by virtue of the rapid co-oxidation 
reaction of NO with oxyhemoglobin to form methemoglobin (metHb) and nitrate [32,33]. Alternatively, NO may 
react with hemoglobin (Hb) to form either nitrosylhemoglobin (NOHb) or SNOHb as discussed above. In addition to 
its reaction with RBCs, NO has to interact at some stage with plasma constituents, especially in view of the 
existence of an RBC-free zone close to the vessel wall. Recently, we provided evidence that how ROS in blood 
augment the cell signalling processes involved in the pathogenesis of coronary heart disease [9-11, 15, 20]. In 
particular, ROS is an important component of the cross-talk between blood and elements of the vasculature during 
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the initial and latter stages of vascular injury and development of atherosclerotic lesions [9,10]. Currently, the 
thinking prevails although inflammatory processes may be prompted by different etiological factors from that of 
coronary heart disease, the presence of ROS in circulating blood is the key intermediary related to vascular injury 
and organ dysfunction. We reviewed, the clinical and experimental data of the mechanisms involved, and evaluated 
the wider implications of this concept (results discussed in the next section).  

In an elegant series of experiments carried out by Jonathan Stamler’s group [34] and recently confirmed by others, 
red cells were shown to regulate the arteriolar microcirculation, coupling oxygen delivery with blood flow [35-40]. 
A disruption in nitrosative-oxidative redox signalling clearly has the potential to contribute to events related to 
myocardial injury. At an enzymatic level, oxidant-producing enzymes are up-regulated and the level or spatial 
location of nitric oxide–producing enzymes - nitric oxide synthases are altered within cells [41]. In addition, a 
deficiency of NO- synthase actually increases the activity of oxidases, since NO may be a physiologic down-
regulator of superoxide production [22].  

On the other hand, levels of specific vascular NADPH oxidases have been reported to increase in the failing 
circulatory system, at least partly in response to increased levels of angiotensin II. This suggests a link between 
neurohormonal activation and a nitrosative-oxidative imbalance [42]. Along with this, the levels and activity of 
xanthine oxidase produced in myocardium, circulates via the blood throughout the cardiovascular system and 
contributes to vasoconstriction and depressed myocardial function [25,41,43]. Datta and colleagues recently 
demonstrated that the delivery of S-nitrosohemoglobin is impaired in the presence of both myocardial failure and 
one of the major risk factors for myocardial failure, diabetes [44]. Disruption of nitric oxide delivery to the 
microcirculation almost certainly contributes to the vasoconstriction and uncoupling of oxygen delivery in skeletal 
muscle that are characteristic of myocardial failure. Thus, although the sources of oxidative stress may differ and 
several different enzymatic and biochemical mechanisms can disrupt NO signalling, a central problem in the failing 
myocardial circulation appears to be a shift in the nitrosative-oxidative imbalance away from physiologic S-
nitrosylation to one of oxidative stress [45-48]. 

Cellular damage in this situation is often potentiated due to the stimuli leading to formation of iNOS capable of up-
regulating oxidases, elevation in NO and concomitant the formation of peroxynitrite with the help of superoxide. A 
prolonged nitrosative-oxidative imbalance thus leads to the consequences more traditionally ascribed to oxidative stress- 
cell damage as a result of the oxidation of nucleic acids and proteins, cell loss owing to apoptosis, and phenotypic 
alteration as a result of the activation of abnormal gene programs (the fetal gene program and resultant cardiac 
hypertrophy are a prime example of this phenomenon) [49]. The results of upcoming work from our laboratory and 
others have shown regimens with the potential to restore such imbalance that leads to myocardial remodelling [49-51]. 

ENHANCED S-NITROSO-ALBUMIN FORMATION DURING ISCHEMIA/REPERFUSION STATE 

In relation to NO reaction with heme groups, for rapid clearance of NO from blood, NO also reacts with the thiol of 
cysteine-93 on the hemoglobin chain thus forming SNO-Hb within red blood cells and allows blood to function as 
an important transport system [51]. In addition, potent nitrosating and nitrosylating reactions can occur in the 
presence of plasma constituents that could yield NO-carrying molecules which include the S-nitrosothiols (RSNOs) 
[52,53]. Moreover, RSNOs including low molecular weight S-nitrosocysteine (CysNO), S-nitrosoglutathione 
(GSNO), and high molecular weight S-nitroso-albumin (SNO-Alb) have been detected in plasma with the latter 
molecule being the dominant circulating pool of NO in plasma [34]. However, despite the endogenous existence of 
these molecules, there remains considerable debate regarding physiological effects of these compounds on the 
myocardium and endothelium. The variation in levels detected by different groups of researchers is likely due to the 
analytical techniques used. Moreover, the link between inhaled NO and SNO-Alb formation is tenuous.  

Interestingly, we observed that the use of inhaled NO gas alone at different concentrations elicited no significant 
change in the level of NO and SNO-Alb in circulating blood [19]. Since, NO is detectable in the exhaled gas, its 
quantification as a measure of intrinsic metabolism has attracted much attention in recent years. Various clinical and 
experimental models have investigated the role of endogenous NO production in the pulmonary vasculature and 
bronchial systems and have reported that inhaled NO improves lung function in same settings [54]. However, we have 
shown that inspired NO gas has significant effect on the alveolar-capillary gaseous exchange rate. However, whether 
endogenous NO plays any part in the development of reperfusion injury and pulmonary endothelial dysfunction 
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remains unclear. Evidence suggests that endogenous NO production decreases during reperfusion after brief episodes 
of ischemia in the pulmonary extremities, myocardial and skeletal muscles [54]. This may be due to a temporary 
endothelial cell dysfunction resulting in the inability to produce sufficient NO during early reperfusion [54]. 

In 1992, Stamler and colleagues [52] proposed that NO undergoes S-nitrosylation with protein-bound thiol groups, 
forming stable S-nitrosoproteins, including SNO-Alb. This molecule could conceivably stabilize NO, thereby 
establishing an NO delivery system in vivo. Since that time, it has been demonstrated that multiple biochemical 
pathways exist in vitro that cause the formation of RSNOs from NO and thiol-containing plasma proteins. 
Unfortunately, much less evidence exists that these biochemical pathways and their end products play any role as 
either homeostatic regulators of myocardial function or as mediators of pathophysiology in vivo. Studies have so far 
elucidated the link between oxidation of plasma proteins [55] and the secretion of proinflammatory factors by tissue 
cells [56], a hypothesis supported by evidence obtained from our studies on blood from ischemic heart disease 
(IHD) patients, which demonstrated that scavenging of peroxynitrite and inhibiting nitric oxide synthase activity 
significantly reduced IL-6, IL-8 and TNF-alpha production [57]. This may be explained by the reported observations 
that levels of reactive oxygen species (ROS) already present in IHD blood completely overwhelms antioxidant 
capacity and probably alter the function of enzymes such as SOD, glutathione peroxidase and catalase [58]. This 
thesis is supported by the fact that during neutrophils respiratory burst, up to 17% of the glutathione (GSH) can 
become protein-bound. This potentially decreases the level of glutathione; hence, reducing potential for the 
glutathione disulfide-glutathione couple (GSSG/2GSH) half-cell. Moreover, the efflux of GSSG-59 to maintain the 
redox status during oxidative stress will result in the loss of glutathione from the cell, thereby decreasing the 
reducing capacity [58]. Both oxidative and reductive stresses may trigger redox cascades that bring about changes in 
the thiol status of the cell [59]. Changes in the cellular redox environment consequently can alter signal transduction, 
DNA and RNA synthesis, protein synthesis, enzyme activation, and even regulation of the cell cycle, thus 
determining the survival of the cell [59]. 

Whether this may be a reflection of an existing pro-oxidant state symbolized by an upregulation of genes for 
enzymes responsible for increased production of ROS is yet to be investigated. Indeed, this supposition has a 
bearing on the observed contrasting roles of NADPH oxidase isoforms in pressure-overload versus angiotensin II-
induced cardiac hypertrophy that differentially activate the enzyme gp91phox involved in the NADH/NADPH 
pathway of superoxide production [60]. Overall, findings from the studies discussed here suggest that there is a 
differential response to stress by blood, which may directly reflect upon the induction of a proinflammatory state. 
This mechanism may involve the early activation of neutrophils the most likely source of free radicals during the 
initial stages. We therefore, propose that the cardiovascular disease process is associated with a phenotypic 
alteration in cells of the endothelium that increases their capacity to produce ROS in endothelium, characterized by 
an increased superoxide production via an elevated NAD(P)H oxidase activity [61]. More recent work has also 
demonstrated that oxidative inactivation of tetrahydrobiopterin (H4B) may cause uncoupling of eNOS to initiate 
increased production of superoxide [62]. Though these in vivo studies did not address the mechanisms of action of 
NO transport, herein, we hypothesized that SNO-Alb may be one transporter in this situation.  

The mechanism of RSNO formation in vivo is unclear at this time but likely involves multiple reaction pathways. 
The S-nitrosylation of thiols by the NO autoxidation intermediate dinitrogen trioxide (N2O3) is well documented, but 
increased oxidative stress during ischemia reperfusion could also induce an increase in one electron oxidation 
intermediates of thiols, which may provide an important source of thiol radicals (RS·) available for direct radical-
radical combination with NO to form RSNOs [63]. An important alternative pathway is the reaction of thiols with 
peroxynitrite (ONOO

_
/ ONOOH), the diffusion-limited reaction product of NO with O2

·- [64]. Several investigators 
reported that a number of molecules (albumin, uric acid, and glutathione) present in blood could combine with 
ONOO

_
 to generate NO donor compounds [65]. Ischemia reperfusion would be an extremely conducive 

environment for the latter reaction of cardiac developmental physiology to take place in as much as this pathology is 
associated with a burst of O2

· formation and a reduction in antioxidants such as glutathione peroxidase [45].  

Because this antioxidant has been shown to reduce S-nitrosylation by ONOO, a reduction of glutathione peroxidase 
would potentially enhance these reactions. The elevated levels of SNO-Alb in arterial blood suggest that this 
molecule was made before reaching the myocardium [45]. Moreover, reports have suggested that tissues can release 
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NO from stored RSNOs [47-48], though O2
.- has never been tested for its ability to induce the release of NO from 

RSNOs in tissues. Sources of O2
·_ in the myocardium after ischemia reperfusion would include activated neutrophils 

and macrophages, as well as perhaps circulating xanthine oxidase [48]. Consistent with this hypothesis is the 
observation that during ischemia reperfusion of various peripheral tissues, a dramatic increase in neutrophil 
recruitment into lungs occurs [66]. The possibility therefore exists that oxidative stress stimulates the release of NO 
from RSNOs in tissues by either circulating xanthine oxidase and/or inflammatory leukocytes in the pulmonary 
circulation. Finally, it should be noted that HbNO directly or via a SNO-Hb intermediate was stabilized and 
transported in blood peripherally to modulate blood flow. Finally, one can envisage both NO carrying molecules in 
plasma (SNO-Alb) and in RBCs transporting NO from lung to periphery in a cooperative manner [67]. Clearly, 
examination of the RBC compartment in our model system is warranted. 

BIOLOGICAL IMPLICATIONS OF NITROSATION CHEMISTRY IN ADULTS WITH CARDIAC DISEASE 

Nitrosative stress modulated factors are suggested to be elevated in the aging heart (unstable angina and heart 
failure). However whether such an increase is sufficient to elicit a biological response and whether these findings 
can be extrapolated to the in vivo situation in blood with RBCs being present as a potentially important intravascular 
sink for NO remains unclear. Keeping this in view, we carried out prospectively designed experiments where blood 
and myocardial biopsies (right atrium and left ventricular) were obtained from 3 groups of patients (n=20/ group) 
undergoing elective coronary artery bypass graft surgery before the surgical correction: The groups are (i) stable 
angina (SA), (ii) unstable angina (UA), (iii) and stable angina with severely impaired left ventricular function 
(ILVF), EF ≤30% (Table 1 and 2).  

Table 1: Preoperative Clinical Characteristics, Results Presented as Mean ± SE Mean 

 Stable angina Unstable angina Impaired LV function 

Number of patients 20 20 20 

Age (years) 62.0±1.8 65.0±1.6 62.8±2.9 

Male: female 16:4 17:3 18:2 

Diseased vessels (3:2:1) 9:3:8 10:2:8 8:4:8 

Angina class (CCS) 2.2±0.2 3.4±0.1* 2.6±0.3 

Dyspnoea class (NYHA) 1.6±0.2 2.4±0.1* 2.2±0.3* 

LV ejection fraction (%) 48.0±2.9 50.0±3.9 16.5±1.4 * 

Hypertension  9 10 8 

Hypercholesterolemia  9 7 8 

Previous MI  5 3 12* 

Atrial fibrillation 0 1 1 

Active smokers 1 2 2 

Plasma TNF-α (pg/mL) 20±3 12±2* 11±3* 

SolubleTNF-R1 (ng/mL) 1.5±0.1 1.8±0.2* 1.8±0.3* 

Infections  0 0 0 

CRP (mg/dL) 1.6±0.2 10.3±1.4* 8.2±3.4* 

Table 2: Preoperative Medication and Peripheral Blood Mononuclear Cell Subsets 

 Stable angina 
(n=20) 

Unstable angina 
(n=20) 

Impaired LV 
Function (n=20) 

Medical treatment    

Beta-blockers 17 16 13 

Organic nitrates 9 12 9 
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Table 2: cont.... 

Ca2+ antagonists  7 8 8 

ACE inhibitors  11 14 12 

Aspirin  17 16 14 

Statins  15 13 13 

CD3 (x 106) cells  17.3±5.6 18.0±1.2 18.4±6.1 

CD14 (x 106) cells  5.9±0.9 8.7±0.8* 4.9±0.9 

CD19 x 106) cells  1.8±0.4* 4.0±0.5 3.6±1.1 

* P<0.05 compared with the other group(s). 

Our results demonstrated that peripheral blood mononuclear cells subsets CD14-positive cells were significantly 
greater in UA patients as compared with SA, and these cells produced significantly greater superoxide in UA and 
ILVF patients (see Fig. 1). 

 

Figure 1: Superoxide production of peripheral blood mononuclear cells (PMBC) subsets. This demonstrates that PMBC subsets 
CD14-positive cells were significantly greater in UA patients as compared with SA, and these cells produced significantly greater 
superoxide in UA and ILVF patients. 

ELISA assays demonstrated soluble TNF-alpha in circulation to be greatest for SA patients, whereas in contrast 
tissue TNF-alpha was greatest in myocardial extracts for UA and ILVF groups. Immunohistochemical staining for 
protein 3-nitrotyrosine, NF-B subunit p65, and iNOS was greater in the myocardium from UA and ILVF patients, 
and staining for CD45 followed an identical pattern. Interestingly, apoptosis in the right atrium (Fig. 2) and left 
ventricle (Fig. 3) biopsies of the ILVF group was significantly greater compared with the SA group, but the greatest 
values were observed in the UA group. 
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Figure 2: Immunohistochemical staining for protein 3-nitrotyrosine, NF-κB subunit p65, and iNOS was greater in the 
myocardium from UA and ILVF patients, and staining for CD45 followed an identical pattern. Interestingly, apoptosis in the 
right atrium biopsies of the ILVF group was significantly greater compared with the SA group, but the greatest values were 
observed in the UA group (p<0.001). 

 

Figure 3: Co-localization of CD14 and 3-nitrotyrosine positive cells in unstable angina ventricular myocardium. 

Protein nitration and lipid hydroperoxides were significantly (P<0.05) elevated in mononuclear lysates and plasma 
from UA and ILVF when compared with the myocardial extracts. Immunoblots and citrulline-conversion assays also 
showed that the iNOS content and activities were greater in mononuclear cell extracts than in the myocardium of 
UA and ILVF groups. Furthermore, NF-B activities were significantly greater in the UA and ILVF groups than in 
the SA group in both myocardial tissue and mononuclear cell extracts. The results of our this work clearly proposed 
that excessive oxidative/nitrosative stress induced by activated circulating leukocytes may be responsible for the 
elevated transcriptional activities and the induction of apoptosis observed in the myocardium of patients with 
unstable angina and severely impaired LV function, a process that may involve an increase in iNOS activity. 
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In the present study, we demonstrate for the first time that release of NO via iNOS activity exerts systemic 
hemodynamic effects as judged by NF-B activity found to be greater in UA and ILVF groups than in the SA group 
in both myocardial tissue and mononuclear cell extracts. In a separate set of experiments, we reported the 
mechanism of release of proinflammatory cytokines by blood granulocytes via NO-dependent pathways and 
modulation of nitrosation bioavailability [68]. Taken together, these results provide unequivocal evidence for the 
occurrence of nitrosation chemistry in the human myocardium and possible hemodynamic consequences. 

CROSS TALK BETWEEN NO BIOAVAILABILITY, OXIDATIVE STRESS AND CARDIAC 
DEVELOPMENTAL DYSFUNCTION 

In view of the evidence discussed above, we believe that ROS are implicated in the initiation and progression of 
cardiovascular disease even at the fetal developmental stage. It has already been observed in several studies [69-73] 
that ROS can oxidize lipoproteins, limit the bioavailability of NO, and promote translational expression of cytokines 
and adhesion molecules in dying cardiomyocytes. In addition, Nox proteins of the NADPH oxidase family are 
prominent sources of this, and Nox protein-dependent ROS production has been linked to this pathophysiology [69-
71]. Together with the phagocyte NADPH oxidase itself (NOX2/gp91phox gets upregulated at the mRNA and protein 
level [70,71]. In addition to NF-κB, activator protein 1 is an important transcription factor that may mediate 
pathogenic effects due to an increased proinflammatory state with direct effect on Forkhead O (FOXO) transcription 
factors as a direct target of phosphatidylinositol-3 kinase/Akt signalling in skeletal and smooth muscle and regulate 
the expression of the Cip/Kip family of cyclin kinase inhibitors in other cell types [72,73]. The desensitization of 
protein kinase B/Akt kinase activity and Akt-dependent phosphorylation may downregulate the translocation of p21 
into the cytoplasm which in turn may lead to the promotion of Rho-kinases, a contributor to cardiomyocytes 
dysfunction [70-73]. This leads to increased muscle loss or increased load, with time, progressive ventricular 
dilatation, increasing interstitial fibrosis and arrhythmia, and a decline in ejection fraction [69-73]. 

Therefore, inhibition of ROS production, inhibition of NF-κB and inflammatory protein production, and 
improvement in NO bioactivity may have additive beneficial effects on endothelial function, and overall 
cardiovascular pathophysiology. To test this hypothesis we investigated using animal models, whether feeding dams 
with a high fat (HF) diet during pregnancy and/or lactation can result impaired cardiac development and 
hypertension in their offspring [74]. Our findings suggested that maternal hypercholesterolemia increases ROS-
mediated inflammation and inhibits EPC differentiation, survival and function in the cardiomyocytes. It therefore 
affects key components of angiogenesis and endothelial repair in these offspring [75]. Interestingly, treatment of 
hypercholesterolemic dams with Statins improved the number of circulating EPC and reduced ROS levels in the 
adult offspring and may prevent the risk of later cardiovascular pathophysiology [76]. We further elucidated that the 
ability of maternal hypercholesterolemia to reduce EPC survival and differentiation may represent an important 
mechanism in the developmental origins of cardiovascular disease [77,78]. However, the impact of HF feeding 
during pregnancy and lactation on EPC biology and CRP levels in the offspring remains to be determined. 

In recent years, immune-mediated mechanisms have also been shown to play important roles in the pathophysiology 
of cardiovascular diseases. These levels are reported to be increased with the severity of cardiomyopathy. However, 
it is not clear how individual complement pathways could be affected by ROS. We have also shown previously that 
complement activation in normal human serum and that there is a concentration-dependent modification of protein 
residues by ROS and that ROS plays an important role in regulating complement activation independently of the 
classical and mannan binding lectin (MBL) pathways and that increased activities of cardiomyocytes and endothelial 
dysfunction may be attributable to a direct effect on the alternate pathway [79]. 

OXIDATIVE STRESS HYPOTHESIS AND THE EVOLUTION OF CARDIAC DEVELOPMENTAL 
DYSFUNCTION  

Cardiac developmental dysfunction characterised by progressive left ventricular (LV) systolic impairment is 
believed to be modulated by the ROS. Evidence of this comes from studies that have investigated the impact of 
excess free-radical generation from a variety of sources in animal and human models, such as vascular nicotinamide 
adenine dinucleotide oxidases, [80] xanthine oxidases, autooxidation of catecholamines, [81] nitric oxide synthase 
activation, [82,83] or mitochondrial leakage [84]. The evidence also suggested that besides excessive ROS 
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generation, myocardial antioxidant defences are also impaired [85,86]. These observations have prompted the 
formulation of an oxidative stress hypothesis of cardiac dysfunction. We hypothesized that nitrosative oxidative 
disequilibrium is characterized by generalized and cardiac-specific oxidative stress, and that chronic oxidant injury 
contributes to impairment of myocardial function and ultimately clinical progression into heart failure state.  

We now know that oxidative-nitrosative stress is a common feature of many commonly described risk factors of or 
conditions associated with adverse (poor or excessive) fetal growth and/or preterm birth, such as preeclampsia, 
diabetes, smoking, malnutrition or excessive nutrition, infection or inflammation [88-90]. Plausibly, oxidative stress 
may be the key link underlying this pathophysiology. Oxidative stress insults may directly link or accompany many 
genetic, nutritional and environmental risk factors in association with the elevated risks of adverse cardiac 
dysfunctional growth indirectly through increasing gestational morbidities such as gestational hypertension and 
gestational diabetes (Fig. 4). 

 

Figure 4: Modified from Luo et al., 2006 [118]. Oxidative stress may be the key link between adverse insults and cardiovascular 
developmental programming through directly modulating gene expression and/or the indirect effects of oxidized lipids or other 
molecules. IUGR= Intrauterine growth retardation. 

Oxidative stress programming may operate either directly through the modulation of gene expression or indirectly 
through the adverse effects of oxidized lipids or other molecules at critical developmental windows and therefore 
resetting/programming the susceptibility to the cardiovascular developmental disorders [91-92]. The susceptibility 
of biological systems due to oxidative insults is likely dependent on its resilience and maturity stage at the time of 
insult. There could be different critical time windows (prenatal or even postnatal) in ‘‘programming’’ different 
diseases. Plausibly, prenatal and early postnatal periods are the most critical ‘‘windows’’ for oxidative stress 
programming. 

Many studies on cells and tissues have demonstrated the deleterious effects of oxidized LDL (oxLDL) contributing 
to cellular toxicity, inflammation, vascular apoptosis and endothelial cell dysfunction [93,94]. Some F2-
isoprostanes, such as F2α-8-isoprostanes (8-iso-PGF2-α), are associated with potent vasoconstriction and the 
modulation of platelet functions (pro-aggregation) [95-97]. These or other yet unknown oxidized molecules may be 
involved in adverse programming by modulating tissue blood supply and growth through affecting vascular 
physiology or other mechanisms. 
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Although relatively little is known about the role of oxidative stress in cardiac growth, experimental studies have 
already demonstrated the role of redox imbalance in modulating gene expression and cell signal cascades [98,99]. 
ROS is capable of modifying the structure and functions of cellular proteins in defined ways (conformational 
changes by oxidation of cysteine residues to form disulfide and cyclic sulfonamide covalent bonds) to regulate 
signal transduction pathways and gene expression [100]. Recent studies in animal model observed that manipulating 
antioxidant-oxidant balance in pregnancy could alter blood pressure and vascular reactivity in rat offspring 
[101,102]. Furthermore, in mitochondria the cellular organelles responsible for regulating energy metabolism and 
monitoring of blood sugar, the DNA is much more vulnerable to ROS damage than nuclear DNAs [103] which may 
offer an additional venue of programming the risk of cardiovascular dysfunction as subtle damages which may be 
magnified with advancing age. It can be envisioned that the effects of oxidative insults on myocytes proliferation, 
function or energy metabolism at critical developmental windows in early life will have the maximal effects that will 
be further magnified or aggregated with additional oxidative insults in later life with the eventual manifestations of 
the heart failure.  

CONCLUSION 

Oxidative-nitrosative stress is an important therapeutic target as it represents a common mechanism associated with a 
multitude of cardiovascular disease risk factors and also during cardiac development. There is extensive evidence from in 
vitro research and from experimental in vivo animal models in support of the hypothesis that oxidative stress has a 
negative impact on cardiac development. In vitro experiments [104-109] have also demonstrated that excess ROS 
generation or impaired antioxidant function adversely affects several cardiac myocytes functions such as depression of 
myocardial contractility, myocardial tissue injury, and induction of myocytes apoptosis. In vivo animal models [110-115] 
have also demonstrated the significance of oxidative injury to cardiac function; the best-studied example is that of 
myocardial stunning and injury due to reperfusion after a period of ischemia thus confirming the role of oxidative stress. 
Moreover, myocardial oxidative stress through the targeting of redox sensitive proteins and enzymes is now known to be 
an important regulator of cardiac developmental dysfunction; and also a regulator of the extracellular matrix deposition 
and degradation that contributes to ventricular remodelling and LV dilatation. In agreement with others [116], we 
propose that the manipulation of ROS production and the simultaneous increase in NO production could be the basis for 
future novel therapeutic strategies for halting cardiovascular dysfunction particularly during fetal development.  
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Washington, DC, USA 

Abstract: Fetal and neonatal programming is a phenomenon produced by deviations from the normal 
development during prenatal or early postnatal life. These deviations can increase risk for different diseases later 
in life and are an example of phenotypic plasticity throughout the nature. For instance, infants born with low birth 
weight, as a marker of an unfavorable intrauterine environment, are programmed differently and face additional 
challenges in adulthood; thereby encountering more risks for coronary artery diseases, diabetes, hypertension, 
metabolic syndrome, imbalanced immune response, renal insufficiency, and suboptimal cognition. Advances in 
research in the last decade significantly improved the understanding of underlying mechanisms. Once these 
mechanisms are understood it is very tempting to implicate them into management. However, the risk and benefit 
of each new implication into clinical practice need to be considered carefully and evaluated by randomized 
controlled trials. This chapter will propose and discuss some of the possible clinical implications of fetal and 
neonatal programming which can lead to possible changes in current clinical management in reflection of latest 
knowledge on this topic. 

Keywords: Neonatal programming, gestational age pregnancy, postnatal nutrition, neuro-developmental 
impairment, malnutrition. 

CLINICAL APPLICABILITY OF FETAL-NEONATAL PROGRAMMING 

“The theory without the practice is dead and practice without the theory is blind.” Clinical applications of this new 
concept of fetal-neonatal programming may challenge some of the standard current practices. Looking at the 
umbrella-shaped model for programming [1] each of the five elements can be addressed clinically. Clinical changes 
in some of them such as gene expression and change in surface receptors belong rather to experimental medicine. 
Clinical changes in others, such as nutrients, immune system maturation and oxidative stress can be explored and 
implemented at the level of current knowledge and management. (Fig. 1). 

 
Figure 1: A Proposed Model for Fetal–Neonatal Programming. 
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EARLY NEONATAL NUTRITION 

One of the major elements that program the individual organ systems is nutrition during fetal life and the early 
neonatal period. Suboptimal quality and quantity of maternal nutrition can be hazardous to the fetus. The impact of a 
suboptimal amount of maternal nutrition on fetal programming has been demonstrated in individuals prenatally 
exposed to the “Dutch famine” during World War II. These individuals were born smaller and higher incidence of 
metabolic syndrome as adult compared to the general population [2]. Having a small for gestational age pregnancy 
(SGA) not only affects the future of the fetus, but the uterus is also adversely programmed. Mothers with history of 
SGA pregnancy have a fourfold increased risk for delivering SGA infants in subsequent pregnancies. Even if the 
subsequent fetus is not SGA, the neonatal mortality rate among this group of infants is much higher compared to the 
general population and is similar if compared to the neonatal mortality among the SGA infants. Such findings 
confirm that the uterus after SGA pregnancy is not the same anymore [3]. 

An even more interesting observation is a transgenerational effect of fetal programming that was recently 
demonstrated in a large cohort study. Women who were born SGA were more likely to deliver smaller infants 
compared with the general population [4]. The quality of maternal nutrition is not of less importance than the 
quantity. A recent animal study demonstrated that maternal protein restriction in rats led to the delivery of small 
offspring that were more likely to develop insulin resistance later in life. Moreover, a postnatal high-energy diet, in 
an effort to achieve a catch-up growth, only exacerbates this effect [5]. Early postnatal nutrition is also a major 
player in programming. Among a cohort of infants with BW of 500 to 1000 g, it was shown that infants who gained 
21 g/kg/d had lower risk for cerebral palsy and neuro-developmental impairment at 18 to 20 months of corrected age 
compared to infants who gained 12 g/kg/d during the initial hospital stay [6]. Malnutrition has been long associated 
with a decreased number of brain cells and, as a result, deficits in behavior, learning, and memory [6]. However, the 
mechanism for adverse brain outcomes may be more complex than just a decreased number of brain cells. 
Malnutrition can also compromise the overall health, reducing immune response to infections and prolonging time 
to recovery. Poor nutrition is also associated with decreased motor development and rate of growth. On the other 
hand, there is strong evidence in literature that overfeeding during the initial neonatal period is associated with 
hypertension, obesity, and insulin resistance [7,8,9,10]. In a large cohort study that included 27,000 full-term 
infants, the rate of weight gain during the first 4 months of life was associated with an increased risk of obesity at 7 
years of age. This association is independent of BW and weight attained at 1 year of age [10]. The over-nutrition-
programmed hypertension was characteristically observed only in diastolic and mean blood pressure but not in 
systolic blood pressure [11]. Relative under-nutrition and slower rate of growth early in life is protective against 
type 2 diabetes in preterm infants. In a randomized controlled trial, using plain unfortified breast milk in preterm 
infants was later associated with less incidence of insulin resistance measured at 13 to 16 years of age when 
compared with using enriched preterm formula [12]. Not only do the rate of growth and amount of calories received 
during the early neonatal period matter, but the content of feeding does as well. A recent study has demonstrated that 
higher protein intake during the first 5 days of life has been associated with improved growth at 36 weeks of 
postmenstrual age and more favorable neurodevelopmental outcome at 18 months of corrected age [13]. Preterm 
infants who are fed breast milk have less risk for hypertension when compared with those who are fed term formula 
that contains calories similar to breast milk [12]. Feeding an SGA infant can be a challenge. In a randomized 
controlled trial on a group of term SGA infants, over-nutrition in the early postnatal life was associated with an 
increased risk for hypertension measured at 6 to 8 years of age [11]. The renal insufficiency known to occur in SGA 
animal models was successfully ameliorated when protein intake was restricted in the early postnatal life. These 
SGA animals survived longer with such restricted protein intake [14]. Insulin resistance in SGA rats was 
exacerbated when offered a high-energy diet post-natally [5]. It seems that SGA infants adapt in-utero to a different 
diet with low calories and low protein content and are not able to handle the relatively higher protein and calories 
when offered post-natally. These findings challenge the current concept of overfeeding SGA infants to achieve a 
catch-up growth. Nutrition of premature infants is a continuously evolving subject in neonatal management. 
Historically, premature infants have been classified based on BW, as extremely LBW, very LBW, and LBW, for 
infants weighting < 1000 g, < 1500 g, and <2500 g, respectively. Most of the clinical decisions for the daily 
management of these infants are based on this weight classification. However, heterogeneity of the population of 
premature infants, even among the same weight category, is now clearly demonstrated. The most important 
subgroups to consider are appropriate-for-gestational-age (AGA) and SGA preterm infants [15]. For example, an 
infant born with a BW of 1500 g but SGA has already undergone unfavorable prenatal programming and most likely 
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has developed a different metabolism. This infant is more likely to respond differently to the nutrition and medical 
management than an infant born with the same weight of 1500 g but AGA. This concept necessitates a different 
approach for nutrition and management of these subgroups of infants. Multiple questions emerge on the surface that 
requires more exploration. What is the optimal quantity of caloric intake? What is the optimal quality or content of 
this nutrition? How does this optimum differ between AGA and SGA infants? A careful risk-benefit analysis needs 
to be conducted to determine the optimal type and amount of nutrition offered to infants during the early neonatal 
period. This will be used to balance the adequate growth and neurodevelopment of infants with the adverse effects 
of insulin resistance and high blood pressure. It has been proposed that prenatal nutrition, as indexed by BW, has a 
U-shaped relation with the long-term risk for insulin resistance. Based on this proposal, severe SGA and large-for-
gestational (LGA) infants have the highest risk for developing diabetes [16]. We speculate that a similar U-shape 
relationship exists between early postnatal nutritional intake and the future risk of insulin resistance and 
hypertension (Fig. 2). Such a U-shaped relation is likely different between AGA and SGA infants. The definition of 
optimal caloric intake should be redefined based on incidence of long-term complications in addition to current 
short-term outcomes. 

INITIAL GUT FLORA AND THE USE OF PROBIOTICS 

The concept that initial gut colonization shortly after birth modulates the immune system opens a wide horizon for 
investigations. Studies have shown that older children and adults with inflammatory bowel diseases have different 
bacteria in their colon when compared with the general population [17, 18]. This observation shows the relation 
between bacteria in the gut and immune system. Over the last five decades, the Western world has achieved 
substantial control over many infections such as tuberculosis, rheumatic heart disease, and typhoid fever. However, 
at the same time, a steep surge of autoimmune diseases, such diabetes and asthma, has evolved [19]. The type of 
initial microflora depends on genetic factors, mode of delivery, maternal microflora, type of feeding, use of 
antibiotics, and environmental surroundings. The bacteria in the gut of breast-fed infants have high proportions 
(90%) of Bifidobacteria species, and the guts of formula-fed infants are mostly colonized with coliforms and 
Bacteroides [20]. It is well recognized that infants breast-fed during the first week of life have less risk for 
development of allergies in childhood compared with formula-fed infants.' Unlike in healthy individuals, the 
predominance of Bifidobacteria species is less likely to occur in the gut of children with atopy. Such difference in 
gut colonization has been demonstrated in the first week of life in neonates who developed atopy later in their 
childhood [21]. Children who spent their early infancy in rural areas have much less risk for allergies compared with 
those who were raised in a "clean" city environment [22]. Alteration of the initial gut bacterial inoculum can 
produce changes in the immune system. For example, the use of multiple courses of antibiotics during the first 2 
years of life is associated with an increased risk for allergies later in life. There is a dose response relationship that 
shows that the more courses of antibiotics, the more severe the risk and the symptoms of allergies [23, 24, 25]. 
Delivery via caesarian section delays the initial gut colonization, which ordinarily happens when infants pass 
through the colonized birth canal. Infants born via cesarean section have more than a threefold increased risk for 
development of food allergies when compared with those born vaginally in a population of mothers with a history of 
allergies [26]. The significance of modulation of gut colonization by probiotics has been a subject of interest in 
research for decades. Probiotics are defined as nonpathogenic organisms in the food supply that are capable of 
conferring a health benefit to the host by modifying gut microflora ecology. The use of probiotics has been 
implemented in multiple pathologies such as, diarrhea, necrotizing enterocolitis (NEC), atopic dermatitis, and 
allergic rhinitis [20]. A recent systematic review has supported the use of probiotics for prevention of NEC in 
premature infants. However, it has not become a standard of care yet [27]. Probiotics prevent NEC in premature 
infants by increasing the favorable microflora at the expense of pathogenic microflora. They also modify the host 
immune response to these unfavorable bacteria [20].  

The effects of probiotics on innate and adaptive immune systems have been repeatedly demonstrated. The major effects 
on innate immune system include: increased mucin production, competitive inhibition of pathogenic microflora, 
decreased gut permeability to pathogens, and enhanced activity of natural killer cells, macrophages, and phagocytes [28]. 
Effects of probiotics on adaptive immune system are characterized by increased number of immunoglobulin (Ig)A-, IgG-
, and IgM secreting cells and increased concentrations of total and specific secretory IgA in serum and intestinal lumen. 
This prevents the adhesion of pathogens to mucosa. The use of probiotics significantly improves the production of 
serum-specific IgA antibody against polio and Salmonella typhi in response to vaccinations [29, 30]. In addition, 
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probiotics can modulate gut inflammatory response by promoting Th-l-type lymphocyte activity and competitive 
inhibition of Th-2 lymphocyte activity [29]. It is important to realize that in preterm infants, the initial gut colonization is 
significantly delayed compared with full-term infants. The colonization process is not BW dependent, but rather depends 
on gestational age. It seems that the colonization of the gut in infants born before 33 weeks of gestation is significantly 
impaired [31]. Therefore, the use of probiotics not only will modify the colonization but also will provide the beneficial 
gut microflora for an infant whose gut is too premature. The effectiveness and duration of colonization provided by 
enteral administration of probiotics are different depending on species and available formulations. The studies have 
shown that probiotics, administered to infants post-natally provide only short-term gut colonization [32]. However, 
administration of probiotics to pregnant women during the last trimester has been shown to provide longer colonization 
of favorable flora in their infants' gut. This flora decreased the risk of atopic dermatitis when these infants were followed 
at 4 years of age [33, 34]. This option seems to be especially plausible when the infant is born prematurely and is too 
unstable to initiate enteral nutrition or medications. Meanwhile, a more judicious use of prophylactic and empiric 
antibiotics will further support the favorable gut colonization and augment its short- and long-term benefits. In a recent 
study, 256 women were randomized to receive either a probiotic-enriched diet or a regular diet at the first trimester of 
pregnancy. The study demonstrated a positive effect of probiotics on the metabolic status of their infants at 6 month of 
age. The proportion of infants with a high split pro-insulin, as an index for insulin resistance, was significantly lower in 
infants born to the mothers who received a probiotic-enriched diet [35].The increased risk of allergies in infants born via 
cesarean section to mothers with allergies should be considered before justifying the choice for elective cesarean 
deliveries. Research needs to focus on how to rapidly institute normal gut flora for infants born via cesarean section. Of 
note the relationship between cesarean deliveries and allergies has not been settled yet. A recent study showed a lack of 
association between the mode of delivery and the development of food allergy, despite an apparent trend for increased 
cesarean deliveries that was concomitant with an uprising in the incidence of food allergy [36]. Another study compared 
two cohorts of delivering mothers in the periods of 1993 and 2004, wherein cesarean deliveries significantly increased 
between the two cohorts and the prevalence of asthma also increased. There was a trend for increased wheezing at four 
years of age in girls born by cesarean section, however, that was not statistically significant [37].  

INTELLIGENCE AND COGNITION IN RESPECT TO GROWTH HORMONE (GH) AND INSULIN-
LIKE GROWTH FACTOR-1 (IGF-1) MEDIATED EFFECTS ON THE HUMAN BRAIN. 

Intelligence is a property of mind which comprises a set of abilities for abstract thinking, understanding, 
communicating, learning, reasoning, planning and problem solving. It can be expressed in terms of an intelligence 
quotient (IQ). Intelligence and cognition is one of the major components of neuro-developmental outcome (NDO). 
Improvement of NDO of preterm infants and infants born small for gestation is one of the ultimate goals in neonatal 
management. Excluding prematurity as an independent risk factor for inferior intelligence and cognition, IQ in 
children born SGA is significantly lower than the IQ in children born AGA [36]. The lower the weight in SGA born 
infants the lower their IQ. However, the difference doesn’t exceed one standard deviation (15 IQ points) [38].  

Animal as well as human studies demonstrated the presence of GH and IGF-1 receptors in all cells of the brain. 
However, in the human brain these receptors are mainly concentrated in the choroid plexus, pituitary, hippocampus, 
putamen and hypothalamus [39]. The induction of neuronal and glial proliferation and differentiation by GH itself or 
via IGF-1 [39, 40, 41, 42] raises a question whether the exogenous administration of GH to premature and SGA 
infants will improve their cognition and intelligence? It is known that after birth the most important factor associated 
with better outcome in respect to intelligence and cognition is the home and school environment, socioeconomic 
status and parental intelligence [43, 44]. Two studies evaluating the effect of GH treatment on head circumference 
and IQ scores have been conducted in Europe [38] with contradictory results making the evidence that GH treatment 
in SGA children has an effect on IQ inconclusive. However, these data is insufficient and the beneficial effect of GH 
treatment needs to be further explored. Furthermore, treatments that could be related to GH such as the use of insulin 
to achieve euglycemia in preterm infants should be investigated for its effect on brain development. Especially, as a 
deleterious effect of glucocorticoids, which are anti-insulin, has become less doubtful in the last decade [45]. 

OTHER CLINICAL APPLICATIONS 

The prenatal and postnatal management of SGA infants in lieu of the programming theory becomes more challenging. It 
is considered standard practice to allow a fetus with intrauterine growth restriction to grow inside the mother's womb, 
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unless the obstetrician has a distinct indication to deliver the infant prematurely. The presence of reverse blood flow in 
the umbilical vein or the development of severe maternal complications could be valid reasons for premature delivery. 
Although postponing prematurity is definitely a noble goal, allowing further delay in the growth of the fetus may 
program different responses with an increased risk for several diseases. Therefore, fetal programming should be 
considered when calculating risks and benefits associated with delaying delivery of an SGA infant. Another scenario for 
possible clinical application of neonatal programming could be the management of patent ductus arteriosus in premature 
SGA infants. Knowing that kidneys of SGA infants are histologically abnormal, should the approach to medical 
treatment in these infants be different? Is it safe to administer multiple courses of non-steroidal anti-inflammatory drugs, 
or should a more cautious regimen be exercised? These are a few clinically applicable examples of fetal-neonatal 
programming. This concept can be applicable to almost every aspect of management of the newborn infant including 
exposure to oxygen, procedures, and different environmental stimuli. 

 

Figure 2: Proposed Relationship Between Caloric Intake in Early Neonatal Life and Development of Insulin Resistance (U-
Shaped Model) Later on. 

CONCLUSION 

There is growing evidence to support the concept of fetal-neonatal programming. Recognition of a unique window 
of opportunity now exists to prevent or ameliorate the emergence of childhood and adult diseases. Programming 
during early neonatal life brings higher responsibilities and expectations for neonatologists, not only to stabilize the 
acutely ill neonates but also to shape their future health as adults. It is plausible that standards of care may change in 
lieu of fetal-neonatal programming to include interventions that will work to prevent adult diseases. The 
introduction of any new intervention or therapy should be evaluated carefully not only for its short-term efficacy but 
also for its possible long-term impact on general health. 
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CHAPTER 7 

Oxidative Stress and its Role in Prepubertal Children 
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Abstract: Oxidative stress, occurring as a consequence of imbalance between the production of oxygen free 
radicals and inactivation of these species by antioxidant defense system, seems to play a pivotal role in the 
pathophysiology of several diseases. In fact, there are numerous cellular biochemical targets for oxidative stress, 
all susceptible to long-lasting dangerous effects, especially if they take place early during infancy. Therefore, it is 
fundamental to obtain data starting in prepuberty to fully explore the intriguing relationship between precocious 
impairment of the oxidant-antioxidant status and organic alterations, and to preserve prepubertal children to 
the tracking of disease from infancy to adulthood. Nowadays the identification of children with a highly altered 
oxidant-antioxidant status is possible through accurate analysis. Much work still needs to be done to offer 
appropriate treatments aiming to guarantee a good quality of life for the young patients. 

Keywords: Non-alcoholic fatty liver disease, type 1 diabetes, advanced glycation endproducts, malonildialdehyde, 
type 2 diabetes, hepatic steatosis, small for gestational age. 

INTRODUCTION 

Oxidative stress occurs as a consequence of imbalance between the production of oxygen free radicals and inactivation 
of these species by antioxidant defense system [1], leading to oxidative damage of lipids, proteins, and DNA. Free 
radical damage has been recognized as a mechanism playing a pivotal role in the pathophysiology of inflammation, 
endothelial dysfunction and cardiovascular disease [2-4]. In fact, a strong correlation has been described between 
oxidative stress and organic alterations, such as diabetes, obesity, growth hormone deficiency, juvenile idiopathic 
arthritis, asthma and other pathological conditions even during childhood [5-9]. In particular, prepubertal children 
represent a special study population because the shorter duration combined with better control of diseases eliminates 
confounding factors commonly present in older subjects, such as adolescents. In fact, it has clearly been demonstrated 
that puberty, phase of life characterized by relevant physiological hormonal changes, represents a well-known risk factor 
for developing disorders complications, such as obesity related complications [10]; furthermore, puberty is characterized 
by several environmental factors (smoking, diet and lifestyle), constituting important elements able to influence 
precocious impairment of the oxidant-antioxidant status. On the contrary, the prepubertal population offers the exclusive 
opportunity to abolish the confounding influence of these factors and to untangle whether oxidative stress explicates or 
not an independent effect. Therefore, it might be of crucial interest to obtain data starting in prepuberty to fully explore 
the intriguing relationship and to not underestimate the possible role of an impaired oxidant/antioxidant status on the 
development of many pathological conditions. Nowadays the identification of children with a highly altered 
oxidant/antioxidant status is possible through accurate analysis. A timely diagnosis is of paramount importance to offer 
prevention and effective treatments reducing the risk of future disease. 

The aim of this chapter is to examine the most important and recent findings regarding the role of oxidative stress in 
the development of several pathological conditions in children during prepuberty. 

OXIDATIVE STRESS AND TYPE 1 DIABETES 

Type 1 diabetes (T1D) represents a chronic metabolic disorder characterized by hyperglycemia due to autoimmune 
destruction of insulin-producing β-cells in the pancreas. Genetic, metabolic, and environmental factors operate together 
leading to the onset of the disease. The increasing incidence of T1D during infancy and the onset of related complications 
highlight the importance of therapeutic strategies to prevent and fruitfully manage this pathological condition.  

*Address correspondence to Angelika Mohn: Department of Pediatrics, University of Chieti, Via dei Vestini 5, 66013 Chieti; Tel +39 0871 
358827; Fax +39 0871 584731; E-mail amohn@unich.it 
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In patients with T1D chronic hyperglycemia and lipid metabolism alterations produce numerous biochemical effects 
and early tissue damage in target organs and tissues undergoing insulin-independent glucose uptake, such as eye, 
kidney, heart, and peripheral nerve [11]. The Diabetic Control and Complications Trial Research Group [12] has 
recognized that rigorous insulin therapy successfully delays the beginning and the evolution of diabetic 
complications; however, the most excellent control of glycemic homeostasis does not diminish their occurrence. 

Premature micro- and macrovascular disease is one of the most important complications in patients with T1D, 
representing the main cause of morbidity and mortality in diabetic subjects. The main risk factors for the 
development of microangiopathy are poor glycemic control and long diabetes duration [12]. Clinically evident 
diabetes-related microvascular complications are extremely rare in childhood and adolescence. However, early 
functional and structural abnormalities may be present a few years after the onset of the disease. Chronic 
hyperglycemia is central in the pathophysiology of microangiopathy and in the evolution of diabetes complications, 
such as diabetic nephropathy. It sets in motion a series of biochemical disturbances in critical tissue, including the 
kidney, leading to functional modifications followed by irreversible structural changes [13-15]. Abnormalities of 
endothelial functions represent the precursor of diabetic angiopathy [16]. In this respect, oxidative stress plays a 
fundamental role in the pathophysiology of endothelial alterations [17] as diabetic subjects experience a decrease of 
antioxidant systems [18] with a high production of oxygen reactive species [11]. In fact, chronic hyperglycemia 
promotes oxidative stress through glucose autoxidation [19], promotion of lipid peroxidation of low density 
lipoprotein (LDL) by a superoxide-dependent pathway [20,21], nonenzymatic glycation of proteins leading to an 
increased production of glucose-derived advanced glycation endproducts (AGEs) [22], and activation of NAD(P)H 
oxidases [23], nitric oxide (NO) synthase [24], and xanthine oxidase [25]. Therefore, oxidative stress following 
diabetes could be crucial in its progression and complications, including nephropathy [26].  

Glucose oxidation is supposed to be the foremost font of oxygen reactive species. Firstly glucose is oxidized from its 
enediol form into an enediol radical anion, then is transformed into reactive ketoaldehydes and superoxide anion 
radicals [27]. The superoxide anion radicals undergo further biochemical reactions leading to the production of 
extremely reactive hydroxyl [19,28] and peroxynitrite radicals [29,30]. 

Furthermore, among the several pathways able to promote oxidative stress in subjects with diabetes, an interesting 
and important role is played by the interaction between glucose and proteins, which determines the production of 
AGEs. In fact, the AGEs/Receptor for AGEs (AGEs/RAGE) system has been proved to be involved in the 
pathogenesis of diabetic complications [22] as elicits oxidative stress generation and subsequently alters gene 
expression in various types of cells [31,32]. RAGE is a multiligand cell-surface receptor expressed in human cells as 
three major splicing variants [33]. The full-length RAGE and the N-truncated type retained in the plasma membrane. 
In contrast the third variant, C-truncated and known as endogenous secretory RAGE (esRAGE), lacks cytosolic and 
trans-membrane domains and is extracellularly secreted [33,34]. The enzymatic cleavage of the full-length cell-
surface produces an additional form of extracellularly secreted RAGE, known as soluble RAGE (sRAGE). Both 
esRAGE as well as sRAGE can be detected in blood serum and are able to bind the circulating ligands, neutralizing 
their actions. In conditions characterized by high concentrations of the circulating ligands the decoy receptors are 
reduced drastically revealing the system function [34]. In addition, a continued proteins exposure to reactive species 
can cause dangerous structural changes, including the production of carbonyl proteins [35] which have cytotoxic 
effects on cellular metabolism. In general, oxidative and non-oxidative pathways can generate reactive carbonyl 
complexes from amino acids, lipids and carbohydrates leading to AGEs [36]. This process is named carbonyl stress 
and is thought to be implicated in the development of diabetes complications [31]. 

In addition, the polyol pathway accelerates aldose reductase leading to the reduction of NADPH and glutathione 
peroxidase (GPX), the foremost intracellular antioxidant [37,38].  

Although the effects of oxidative stress have extensively been investigated in diabetic adults, the number of similar 
studies in children with T1D is very restricted and the pathogenic mechanisms of endothelial dysfunction and 
oxidative stress are not yet clear. Jos et al. [39] have previously suggested in young patients with T1D an association 
among reduced GPX activity and retinopathy. Subsequently, it has been reported in a group of well-controlled T1D 
subjects, with a median age of 15 years and a median diabetes duration of 5 years, the absence of a reduction into 
the total antioxidant status, also when patients were categorized according to complications [40]. Furthermore, a 
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decrease in the antioxidant activity and total peroxyl radical-trapping antioxidant parameter was reported in children 
with T1D in relation to poor glycemic control, suggesting that a defective serum antioxidant status contributes to the 
increased oxidative stress [41]. In line with these data, Jakus et al. [42] reported that increased MDA correlated with 
AGEs in T1D children with poor glycemic control. Hoeldtke et al. [43] investigated whether lipid peroxidation, 
assessed by malonildialdehyde (MDA) excretion, which indicates the lipid peroxide content of LDL, is associated 
with oxidative damage to DNA, assessed by 8-hydroxydeoxyguanosine excretion, in patients with early T1D (mean 
age 20.3 years). The authors demonstrated the presence of oxidative stress in diabetic patients without confirming, 
however, the oxidative damage in DNA. In line with these data, a cross-sectional study [44] performed in diabetic 
children and adolescent showed that oxidative stress, assessed by parameters of lipoperoxidation, protein oxidation, 
and changes in the status of antioxidant defence systems, is present upon early onset of T1D and is increased by 
early adulthood. Therefore, the authors suggested that decreased antioxidant defences may augment the 
susceptibility of diabetic children to oxidative damage, leading to the necessity of antioxidant supply to prevent 
complications during the course of the disease. 

Markers of oxidative stress have recently been assessed in a group of prepubertal children with T1D with a median 
diabetes duration less than 5 years compared to controls [45]. Oxidative stress parameters included advanced 
oxidation protein products, total peroxyl radical-trapping antioxidant parameter, and isoprostanes. The two groups 
were similar for weight, height, and metabolic tests, including creatininemia and cholesterol levels; no significant 
differences were detected between diabetic and control children in terms of oxidative stress markers. The authors 
concluded that the lack of significant differences between children with T1D and controls suggests that treatment is 
able to neutralize the increased generation of oxygen free radicals. Furthermore, a recent study was performed to 
analyze oxidative stress and anti-oxidative defences in children and adolescents with T1D, demonstrating that 
increased oxidative mechanisms and lipid peroxidation occur at a very early stage of diabetic disease, even if plasma 
antioxidative defence was not impaired [46]. Furthermore, several authors [47,48] have detected anomalous values 
of endothelial dysfunction markers in children with T1D without angiopathy. Later, Elhadd et al. [49] found in a 
group of prepubertal children significantly elevated levels of red cell superoxide dismutase (SOD), suggesting an 
activation of the enzyme as a consequence of early oxidative stress.  

Also indexes of antioxidant capacity, such as levels of vitamin E and coenzyme Q10 (CoQ10), a powerful 
antioxidant with a pivotal role in bioenergetics of mitochondria, have been found to be increased in the presence of 
poor metabolic control and complications in young patients with T1D [50]. In line with these results, recently 
Menke et al. [5] conducted an open prospective study in children with T1D to evaluate concentrations of CoQ10; the 
authors detected an increase in plasma concentration and intracellular redox capacity of the antioxidant CoQ10, 
particularly in children with poor control, as a result of an adaptive body response to oxidative stress in diabetes to 
neutralize increased reactive oxygen species. Finally, it has recently been demonstrated that in children with T1D, 
chronic hyperglycemia may act through a mechanism that involves increased NO production and/or action and 
contributes intrarenal hemodynamic abnormalities, which are detectable by doppler ultrasonography even in early 
diabetic nephropathy [51]. 

Further studies are needed to complete clarify the oxidative stress-related T1D effects in order to develop new 
targets for optimal preventive and therapeutic strategies in young populations. 

OXIDATIVE STRESS AND BODY WEIGHT: OBESITY VERSUS LEANNESS 

Childhood obesity, defined as body mass index (BMI) higher than 2 standard deviation (SD) for the mean age and 
gender, is the most prominent chronic problem among youngsters in the United States and European Union [52-54]. 
The prevalence of childhood obesity has dramatically increased over the last two decades, reaching epidemic 
proportions [55]. This is of major concern because obesity tracks into adulthood, with only one third of obese boys 
and one fifth of obese girls able to normalize their BMI during puberty. Furthermore, childhood obesity represents a 
major health problem worldwide, because excessive body weight is a risk factor for future development of chronic 
diseases. In fact, the persistence of adult obesity is strongly related to approximately double the risk of 
cardiovascular disease in adulthood [52-54] with an increased morbidity and mortality, justifying a stricter clinical 
approach together with intensive intervention programs [56,57]. The earliest signs of coronary heart disease, such as 
coronary artery fatty streaks, are present even during childhood and rapidly increase through adolescence, 
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particularly in those with elevated BMI [58,59]. The biochemical mechanisms of atherosclerosis have been 
extensively studied, and it has been demonstrated that oxidative stress plays a central role in its etiology [60-62]. 
The link between oxidative stress and atherosclerosis derives from the oxidative modifications of LDL, which 
represents a key step in the generation of foam cells and fatty streaks [63]. Oxidative stress seems to be tightly 
linked to significantly decreased insulin sensitivity. In fact, it has been suggested that insulin resistance (IR) per se 
or via an increased plasma concentration of free fatty acids seems to increase reactive oxygen species production 
through nicotinamide adenine dinucleotide phosphate oxidase activation [23]. In addition, the major source of 
oxygen free radical production is adipose tissue, which seems to play a key role for the development of IR and 
metabolic syndrome [64,65]. In fact, Keaney et al. [66] found in the community-based cohort, the Framingham 
Heart Study, a strong association between markers of oxidative stress and both BMI and waist-to-hip ratio (WHR), 
implicating adiposity as the main factor and suggesting that a greater fat mass determines a greater degree of 
oxidative stress. Several studies have clearly demonstrated the tight association between adiposity-related increased 
IR, oxidative stress, and inflammation in adults as well as in children [67,68]. Impaired insulin sensitivity represents 
an important promoting factor of atherosclerosis [69] through chronic inflammation and impaired oxidative stress, 
two mechanisms directly involved in the development of endothelial dysfunction and increased carotid intima media 
thickness (IMT), an early atherosclerotic change in the arterial wall universally accepted as a cardiovascular risk 
factor [68,70,71]. Isoprostanes can induce vasoconstriction in many vascular beds, promote platelet aggregation, and 
support proliferation of vascular smooth muscle cells, and they have been considered important pro-atherogenic 
factors on the arterial wall [6,72]. Recently the relationship between IMT, IR and oxidant status has been 
investigated in obese prepubertal children compared to healthy prepubertal subjects [68]; the authors demonstrated 
that obese children had higher levels of homeostasis model assessment of IR, isoprostanes and high sensitive C-
reactive protein as well as an increased IMT than controls. Therefore, early changes in glucose metabolism and an 
alteration of oxidant-antioxidant status may be present in obese prepubertal children, leading to increase IMT and 
early cardiovascular disease. 

A recent study was performed to determine whether systemic oxidative stress is already increased in severely obese 
prepubertal children and whether it is modifiable with a dietary restriction-weight loss program [6]. This study 
represents the first evidence of a significant altered oxidant-antioxidant status in prepubertal children affected by 
severe obesity, fluctuating in strict relation to a dietary restriction weight loss program. This case-control data 
clearly showed that lag phase was significantly shorter in obese than in normal-weight children; likewise, a 
significant difference was found in MDA, which was on average 2-fold greater in obese children. This increased 
oxidant status was associated with decreased plasma vitamin E levels when compared with control children. These 
data clearly demonstrate that already prepubertal severely obese children present an altered oxidant status leading to 
an increased consumption of antioxidant vitamins. In fact, a strong correlation between plasma vitamin E and 
markers of oxidant status were found, suggesting a significant imbalanced state between oxidative and anti-oxidative 
systems in obese children. It is alarming that it has been detected such a degree of oxidative imbalance in 
prepubertal children because the subsequent period of puberty might enhance the given alterations as a result of the 
relevant hormonal changes associated with puberty, particularly increased IR. Like previous studies in adults 
[73,74], through a 6-month dietary restriction-weight loss program, the authors found that the reduction of BMI, 
WHR, and fat mass was associated with a reduction in oxidative stress, leading to values of lag phase and MDA 
comparable to those of normal-weight children. The relationship between obesity and oxidative stress was 
additionally supported by a subsequent increase of the latter in relation to weight regain when children returned to a 
hypercaloric unbalanced diet. This demonstrates that a normalization of the oxidant status in obese children can be 
obtained, which is extremely important because it suggests that the earliest events of atherogenesis could be reversed 
without the use of any drugs or antioxidants. However, these data also suggest that a long-term program is of crucial 
importance when the weight reduction will be maintained over time. These findings raise the question whether the 
main cause of this fluctuation in oxidative stress is dietary variation per se or weight changes. Persistent 
overnutrition might expose children to excessive production of reactive oxidative species besides increase of fat 
mass, and thus diet might improve oxidative status through the reduction of the amount of food intake and a change 
in the food composition [73,75]. 

Previous studies reported decreased levels of vitamin E in obese children, and it has been suggested that this might 
be the result of sequestration in adipose tissue and variations in its absorption, availability, and metabolism among 
individuals [76,77]. Strauss et al. [76] documented that levels of lipophilic antioxidants vitamins, such as α-
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tocopherol and lycopene, were significantly reduced in a group of children with obesity. Also Mohn et al. [6] 
detected significantly lower plasma vitamin E levels in obese patients when compared to normal-weight children, 
although no significant improvement was found after the 6-month-hypocaloric diet. This result might suggest that 
the reduction of oxidants is independent of antioxidants, or more probably the antioxidant plasma pool might need a 
longer period to be reconstituted after the long-term consumption by the high oxidant levels.  

However, also constitutional leanness, defined as BMI lower than the 2 SD for the mean age and gender, appears to 
induce impaired IR, oxidative stress, and chronic inflammation. In fact, Giannini et al. [78] have recently demonstrated, 
for the first time, that both prepubertal lean and obese children showed significantly impaired oxidative status compared 
with controls, without differences between the obese and lean groups. In fact, oxidative markers in lean children were 
similar to those detected in obese children, demonstrating similar effects of extremely low or high adipose tissue storage. 
These results suggest that impaired insulin sensitivity and altered oxidant-antioxidant status, related to adipose tissue 
depletion, represent key elements for the development of early abnormalities in the arterial wall in lean prepubertal 
children. These data appear to be supported by previous studies that reported a J-curve phenomenon between prevalence 
of disease, including cardiovascular complications, and BMI, suggesting a direct role of adiposity on several diseases 
[79,80]. Therefore, impaired adiposity stores determine an unbalanced endothelial regulation resulting in an increased 
risk of cardiovascular complications; thus, prepubertal lean and obese children present increased oxidative stress and 
impaired inflammation and insulin sensitivity, which in turn seem to result in a similar impaired endothelial dysfunction 
and early sign of atherosclerosis. 

In conclusion, prepubertal severely obese children present a highly altered oxidant/antioxidant status, which seems 
to be completely reversible with dietary restriction and weight loss; both simple interventions should be encouraged 
and maintained over time to reduce the increased risk of future cardiovascular disease. On the other hand, also 
prepubertal lean children present increased oxidative stress and impaired inflammation and insulin sensitivity.  

A complete elucidation of the adipose tissue-related endocrine outcomes represents an important action on the 
developing of new goals for therapeutic approach to prevent and restore the adiposity-related impaired status, early 
in childhood.  

OXIDATIVE STRESS AND NAFLD 

Non-alcoholic fatty liver disease (NAFLD) is one of the most important emerging liver diseases in obese children 
and adolescents in developed countries [81], and represents an important risk factor for the development of type 2 
diabetes (T2D) and a component of the metabolic syndrome [82]. NAFLD is expected to become one of the most 
common causes of hepatic disease in children and young adults [83], paralleling the increasing prevalence of 
childhood obesity. Up to now, contrasting data for the pediatric population have been reported. However, studies 
from autopsies in children (aged 2-19 years) reported prevalence of fatty liver of 9.6%, with a highest rate of the 
disease in obese children (38%) [84]. The gold standard for the diagnosis of steatosis and various degrees of hepatic 
fibrosis is liver biopsy, and none of the non-invasive methods, such as computer tomography, magnetic resonance 
imaging, or ultrasonography, has been recognized to be able to replace liver biopsy completely, even though they 
have acceptable sensitivity and specificity [85].  

Although a multifactorial pathogenesis for the development of NAFLD has been suggested, both IR and oxidative 
stress play an important role in the development of liver disease [86]. In fact, in a large cohort-based studies of adult 
[87,88] and adolescent populations [83,89], it has been demonstrated that IR is an essential requirement for the 
development of steatosis. Both obesity and IR are responsible for abnormalities in lipid storage and lipolysis in 
insulin sensitive tissues, leading to an increased fatty acids flux from adipose tissue to the liver [90], especially 
triglycerides (TG) in the hepatocytes [91]. However, few data on a similar tight correlation between steatosis and IR 
are available for the prepubertal age group. In fact, in consideration of the shorter duration of obesity associated with 
a lower degree of adiposity, IR might not be a predominant feature of obesity in this age group. D’Adamo et al. [92] 
demonstrated not only that obese prepubertal children are more IR than controls but also a significant difference in 
IR indexes between obese children with liver steatosis and those without steatosis. These data support the role of IR-
associated hyperinsulinemia in the development of hepatic steatosis. A possible explanation for the relationship 
between hepatic steatosis and IR is that the reduced insulin sensitivity in adipose tissue determines the suppression 
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of lipolysis by insulin and an increased flux of free fatty acids to the liver [93]. This effect, together with the 
increased hepatic lipogenesis related to hyperinsulinemia, is responsible for the accumulation of TG in the 
hepatocytes and for the development of steatosis [91]. Therefore, NAFLD should be recognized as an emerging 
problem also in prepubertal children affected by severe obesity; the high prevalence of steatosis found is especially 
worrying as it might be further exacerbated by the influence of puberty. 

Furthermore, in a recent study it has been demonstrated that metabolic syndrome is common even among 
prepubertal obese children, particularly when liver steatosis is included among the diagnostic criteria [94]; therefore, 
screening for the metabolic syndrome should be performed in this age group and hepatic steatosis should be 
considered as an additional diagnostic criterion. 

Regarding to the role of oxidative stress in the pathogenesis of NAFLD, it is well known that the increased fat 
deposition within the liver is followed by an excessive fatty acid oxidation. This process generates reactive oxygen 
species, damaging hepatocytes and causing fibrogenesis due to cytokines. Furthermore, the pro-inflammatory factors 
seem to be responsible for the progression from NAFLD to the following necro-inflammatory condition named non-
alcoholic steatohepatitis (NASH) [95]. In fact, among the potential mediators contributing to NASH, an increased 
microsomal and peroxisomal oxidation has been included, leading to a high production of reactive oxygen species. 
Mandato et al. [96] have investigated the role of oxidative mediators in pediatric obesity-related NAFLD through 
the evaluation of antioxidant reserve by quantifying erythrocytic GPX activity, important in protecting cells from 
lipid peroxidation; the authors found a major GPX activity in children with steatosis than in children without, 
suggesting that toxic injuries stimulate enzymes during the early phase of steatosis. Furthermore, a recent study has 
demonstrated that oxidative stress not only has a high prevalence in children diagnosed with biopsy-proven NAFLD 
but is also related to an augmented severity of steatohepatitis [97]. In addition, there is evidence that esRAGE and 
sRAGE are reliable biomarkers of liver injury [98]. In this respect, it has recently been documented in a group of 
obese prepubertal children that both esRAGE and sRAGE levels were significantly lower in children affected by 
liver steatosis and were independently related to its presence [99]. Therefore, these findings suggest that AGE-
RAGE pathway plays an independent role in the development of liver injury, even in this age group. 

Life style changes, consisting in weight loss and increased physical activity, represent the primary current 
approaches for treatment of NAFLD in obese children and adults, although they are recognised to be difficult to be 
realized. For this reason, many therapies have been proposed for hepatopathic obese subjects. Antioxidants represent 
a valid treatment to reduce oxidative stress and the evolution from NAFLD to cirrhosis [100]. Among antioxidants, 
vitamin E has a protective role for cellular membranes against lipid peroxidation, with beneficial effects on 
transaminase values, and liver inflammation [101]. A recent study performed by Sanyal et al.  [102] demonstrated 
that vitamin E therapy was superior to placebo for the treatment of NASH in adults. In this respect, Lavine et al. 
[103] performed an open-label pilot study recruiting obese children with diagnosis of non-alcoholic steatohepatitis 
to detect the effects of oral vitamin E from 400 to 1200 units/daily for 2-4 months; the author demonstrated that this 
supplementation was able to normalize alanine aminotransferase values in all obese children. A beneficial effect was 
also reported by Vajro et al. [104] who detected a reduction of transaminase levels in obese children with liver 
disease adherent to oral vitamin E therapy.  

In conclusion, the presented data underlie the importance of screening for metabolic complications of obesity 
including NAFLD, even in young children, as a misdiagnosis represents a serious risk factor for the development of 
further persistent and exacerbated metabolic abnormalities. Furthermore, there is an urgent need to elucidate the role 
of oxidative stress into the development of liver disease in order to identify optimal therapeutic strategies across 
young population at greater risk.  

OXIDATIVE STRESS AND BIRTH WEIGHT 

Size at birth has been recognized to be predictive of an increased risk for developing chronic cardio-metabolic 
diseases later in life [105,106], which represent the long-term effects of an adverse fetal environment leading to 
permanent metabolic changes [107]. In this respect, there is a large body of evidence showing that children born 
small for gestational age (SGA), defined as neonates whose birth weight (BW) or birth crown-heel length was at 
least 2 SD below the mean for gestational age, are known to be at increased risk of adult degenerative disease, such 
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as cardiovascular dysfunction and the metabolic syndrome, a combination of T2D, hypertension, dyslipidemia, and 
obesity [108]. Most of these dysfunctions are related to rapid postnatal catch-up growth [109]. This phenomenon, 
described in nearly 90% of subjects born SGA, determines changes in body proportions due to enhanced central fat 
deposition [110] and leading thereby to a relevant increase of the BMI. This determines changes in insulin 
sensitivity and is associated with a higher predisposition to develop IR. 

In addition, Boney et al. [111] demonstrated that children who were large for gestational age (LGA) at birth, defined as 
neonates whose BW was greater than the 90th percentile for gestational age, and were exposed to an intrauterine 
environment of either diabetes or maternal obesity, were at increased risk of metabolic syndrome during childhood. 
Therefore, during intrauterine life, both infants born SGA and LGA experience metabolic derangements leading to 
adaptive responses and pathophysiological alterations, [112,113] which might predispose them to dangerous 
consequences.  

Impaired insulin sensitivity has been described in normal-weight, prepubertal SGA [114] and LGA children, [115] 
suggesting that this metabolic alteration might play a key role in linking BW to long-term consequences. Most 
importantly, in individuals born SGA the development of impaired insulin sensitivity has been found to be significantly 
independent by confounding factors, such as BMI, age, and family history of diabetes [116]. Interestingly, children 
born LGA are at risk of developing IR as well [115]. Previous studies have reported a U-shaped relation between 
fasting insulin levels and size at birth [117,118]. However, in LGA subjects it is still not clear whether IR is due only to 
genetic factors or also to fetal hyperinsulinemia as a consequence of overt or hidden maternal hyperglycemia [114]. 
These changes in insulin sensitivity are positively correlated with obesity [119,120]. Evidence from several childhood 
studies has shown that a high BMI value is a strong predictor for the development of IR during the prepubertal period 
[121,122]. In fact, it has recently been documented that obese SGA and LGA children have lower insulin sensitivity 
than obese appropriate for gestational age (AGA) children, defined as neonates whose BW or birth crown-heel length 
between the 10th to 90th percentile for gestational age; interestingly, the LGA group had higher fasting insulin levels 
and a worse IR status than SGA children, although no significant differences were observed between these groups 
[123]. These data underline the strong role of a greater amount of fat mass as an independent factor in exacerbating the 
pathophysiological background of SGA and LGA children. However, despite the phenomenon of catch-up growth, 
SGA children tend to remain slimmer than LGA infants throughout early childhood [124]. In fact, infants born LGA 
frequently experienced an increasing fat accumulation in infancy, reflecting an inherited susceptibility to obesity. As 
highlighted in previous studies, a critical role seems to be played by an early adiposity rebound, a phenomenon that has 
been reported in around 30% of LGA children and is strictly associated with larger size in childhood [125,126]. 
Recently, it has been demonstrated in a cohort of obese children born LGA an increased risk for metabolic syndrome 
during infancy when compared with AGA children [111]. 

On the other hand, oxidative stress seems to play a fundamental role in the pathophysiology of size at birth-related 
effects. Previous studies have assessed the status of oxidative stress in SGA children revealing a high generation of 
reactive oxygen species strictly related to increased oxidative damage [127,128]. An impaired oxidant-antioxidant status 
has been found in normal-weight SGA children even during the prepubertal age, suggesting a background oxidative 
derangement strongly exacerbated by IR induced by catch-up growth [129,130]. In addition, it is well known that 
oxidant/ antioxidant status is influenced by the obese state. In fact, recent data have demonstrated a strong association 
between oxidative stress and BMI, implicating adipose tissue as the main factor. In line with these data, a recent study 
evaluated possible alterations in the oxidant/antioxidant status in prepubertal SGA and LGA children compared with 
AGA children [123]. This study is the first to show evidence of an independent effect of BW and obesity on increased 
oxidative stress and IR in prepubertal children born SGA and LGA. In fact, an impaired oxidant/antioxidant status has 
been documented in normal-weight SGA and LGA subjects. In addition, these data have clearly shown that oxidative 
stress and IR were even higher in obese SGA and LGA children than obese AGA children. Therefore, a greater fat mass 
in SGA and LGA subjects leads to a greater degree of impaired oxidant/antioxidant status and insulin sensitivity 
compared with obese AGA children. Similarly, Park [131] reported that overweight children born with higher birth 
weight might have altered metabolism of CoQ10 and catalase activity compared to those children with low BW, which 
may contribute to the resulting risk of the complications related to obesity. The authors also demonstrated that 
overweight children born full term SGA showed increased ghrelin levels and IR, while overweight children born LGA 
experienced decreased CoQ10 concentration and catalase activity. In addition, BW was negatively associated with 
ghrelin, IR, and CoQ10 in overweight children. Although the reasons underlying alterations of the oxidant/antioxidant 
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status remain speculative, there are several hypotheses that might explain the worse oxidant/antioxidant status in these 
two risk groups. The available data strongly support the hypothesis that normal-weight subjects born SGA and LGA 
seem to be prone to elevated oxidative stress, most likely because of both an adverse intrauterine environment and the 
linked reduced insulin sensitivity. The background oxidative derangement related to BW can be further exacerbated by 
the development of excessive fat mass.  

These data underline the importance of careful follow-up of SGA and LGA children to detect the development of 
metabolic abnormalities during childhood.  

OXIDATIVE STRESS AND GROWTH HORMONE DEFICIENCY 

Linear growth is a central process during infancy and several biological factors are necessary to guarantee a normal 
growth. The growth hormone (GH)/insulin-like growth factor-1 (IGF-1) axis is of paramount importance in the 
complex process of linear growth in children. Their levels fluctuate during the life span: postnatal GH and IGF-1 
levels are low but rise before puberty followed by a gradual reduction [132,133]. 

Growth hormone deficiency (GHD) represents an important endocrine condition affecting about one in 10.000 
adults [134]. The prevalence in the pediatric population is almost threefold, being about one in 3000 to one in 4000 
[135]. GHD can be due to genetic defects or acquired during infancy as a result of hypothalamic-pituitary tumors, 
cranial irradiation, infections, or trauma. 

The cardiovascular system is an important target organ for both GH and IGF-1. In fact, GHD and low levels of IGF-
1 in adults are associated with several atherosclerotic factors including altered body composition [136], IR [137] and 
dyslipidemia [138], increasing the risk for cardiovascular and cerebrovascular diseases. As oxidative stress plays a 
central role in the aetiology of atherosclerosis, it has extensively been demonstrated that the increased 
cardiovascular morbidity and mortality in adults with GH/IGF-1 axis alterations is tightly correlated to enhanced 
oxidative stress [139,140]. Subjects with GHD experienced lipid profile mutations, including TG enrichment of 
LDL and production of dense LDL particles characterized by being vulnerable to oxidative modification [141,142] 
and, consequently, by being extremely atherogenic as support foam cells development into the endothelium [143].  

In adults and animal models, the GH/IGF-1 axis seems to play a pivotal role into the regulation of vascular redox 
homeostasis. In fact, adverse effects have been described on vascular endothelial and smooth muscle cells in 
laboratory animals and adults with GH/IGF-1 deficiency. A recent study assessed vascular effects of life span-
extending peripubertal GH replacement (rGH) therapy in Lewis dwarf rats, model of human GHD having a normal 
pituitary function except for a selective genetic GH deficiency [144]. The authors demonstrated that peripubertal 
GH/IGF-1 deficiency has pro-oxidative cellular environment, accelerating vascular impairments later in life; 
however, a prevention of these adverse vascular effects has been reported by peripubertal rGH therapy with 
normalization of IGF-1 levels. In the pediatric populations, up to now only one study is available on the relationship 
between GHD and oxidative stress, performed by Mohn et al. [7] who evaluated the presence of oxidant/antioxidant 
alterations in children with GHD and the effects of 12 months of rGH therapy on the oxidant/antioxidant status. 
These case-control data have shown that lag phase, index inversely related to oxidative stress, is significantly lower 
in GH-deficient than in normal children. Likewise, a significant difference was found in MDA, which was twofold 
greater in GH-deficient children. This increased status of oxidative stress was associated with decreased plasma 
vitamin E levels when compared with control children. These data suggest that the increased oxidative stress might 
lead to increased consumption of antioxidant vitamins, demonstrating a significant imbalance between oxidant and 
antioxidants sterns in GHD children. Through a 12-month rGH trial, further evidence for a cause-and-effect 
relationship between the GH-deficient state and oxidative stress was obtained. A complete reversion of the altered 
oxidant /antioxidant status has been detected, together with values of lag phase, MDA and vitamin E reaching levels 
comparable to those of control children. These results are in agreement with previous data reported by Evans et al. 
[145,146] who demonstrated, in eight GHD adults, a significant increase in lipid-derived free radicals and an 
improvement in indices of oxidative stress and endothelial function after rGH therapy. 

Nonetheless, controversy persists as to whether oxidative stress is a major feature of the pro-atherogenic state of 
GHD patients as no changes in these parameters have been found before and after GH treatment in one study [147]. 
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However, in the latter report, oxidative stress was studied with electron paramagnetic spectroscopy and, as 
acknowledged by the authors, methodological differences between studies can lead to different results. The main 
cause of possible increased oxidative stress in GHD subjects has not been completely elucidated and remains 
speculative. Nevertheless, it has been proposed that the well-known alteration of the GH-IGF-1 axis in these 
subjects might cause an increased oxidative load by inducing a dysmetabolic state [136-138] or low IGF-1 levels 
[148]. However, Mohn et al. [7] reported no significant difference in terms of BMI and lipid profile between the two 
studied groups; therefore, these data might indicate that in these young study population a dysmetabolic state plays a 
secondary role. On the contrary, the authors found a significant correlation between indices of oxidative stress and 
IGF-1 levels suggesting, in line with previous studies, that impaired levels of IGF-1 might play the major role in the 
induction of oxidative stress. In fact, it has widely been demonstrated that low IGF-1 levels are directly responsible 
for increased production and decreased elimination-of free-radicals. This key role has been proven by two 
independent in vivo studies [149,150] where IGF-1 was found to induce a direct production of NO by endothelial 
cells and by smooth vascular muscle cells. Moreover, Serri et al. [148,151] showed that the lipoprotein lipase mass 
could be significantly reduced in vitro by IGF-1 treatment. The same effect was not observed after exposure to rGH, 
suggesting that the key role of the proatherosclerotic state of macrophages belongs to the IGF-1 system. This is in 
agreement with the results of Mohn et al. [7], where rGH induced a significant improvement in IGF-1 levels that 
was associated with a similar trend in markers of oxidant/antioxidant status. In conclusion, this study demonstrates 
that, as in adults, children who lack GH also have unfavourable alterations in oxidant/antioxidant status, which is 
easily restored by rGH therapy. Therefore, timely treatment positively influences the levels of GH surrogates, 
allowing not only growth recovery but also restoration of a normal balance in oxidant/antioxidant load. 

Further, larger and longer studies are needed to confirm these data and to establish more fully the effect of GHD on 
oxidative stress in prepubertal children. 

OXIDATIVE STRESS AND JUVENILE IDIOPATHIC ARTHRITIS 

Juvenile idiopathic arthritis (JIA) represents the most common rheumatic disorder during infancy and comprises all 
chronic arthritis of unknown origin beginning before the age of 16 years [152]. Different classification criteria have 
been suggested to define clinical subsets that could correspond to different diseases [153]. The International League 
of Associations for Rheumatology (ILAR) provided the most recent classification, which divides patients with JIA 
in homogeneous subgroups. Three main categories were recognised on the basis of features detectable during the 
first 6 months of illness: systemic onset JIA (s-JIA), pauciarticular JIA (< 5 joints involved) and polyarticular JIA (> 
5 joints involved) [154]. In all these different categories, chronic inflammation of the synovial joints as well as 
monocytes/macrophages enrollment in the synovial fluid represent the main characteristics, leading to joint damage 
and disability [155]. Many inflammatory markers have been detected increased in patients with JIA, including tumor 
necrosis factor (TNF)-alpha, interleukin (IL)-6, IL-12 [156,157], and it has been documented a concomitant rise in 
the synovial fluid in matrix metalloproteinase (MMP)-2, MMP-3 and MMP-9 [158,159]. An immune cell-mediated 
pathogenesis has been suggested, with a significant role played by the interaction between genetic and 
environmental factors. Recently, it has been recognized that oxidative stress is of paramount importance not only in 
the pathogenic mechanism of JIA, but also in its progression. In fact, in adult patients with inflammatory joint 
disease it has been observed excessive levels of oxygen free radicals and NO [160]. Furthermore, it has been 
suggested that inflamed joints, with the alternation of activity and relax, experience cycles of hypoxia-reperfusion 
leading to a highly reactive species [161-163]. 

In children with JIA, just few data on oxidative stress are available. One of the first evidence of an impaired oxidant-
antioxidant status was reported by Honkanen et al. [164] who found low total cholesterol and vitamin E levels in 
children with JIA when compared to controls, suggesting that defective vitamin E and reduced antioxidant protection 
contribute to low cholesterol levels. Subsequently, Sklodowska et al. [165] confirmed the supposition of an impaired 
oxidant-antioxidant status in the development of JIA even during childhood, after documenting a significant increase of 
thiobarbituric acid reactive substances and a significant low antioxidant levels in terms of SOD activity and vitamin E 
concentrations in JIA children. Araujo et al. [166] detected significantly higher MDA and hydroperoxide levels in 
children with polyarticular and s-JIA when compared to controls; in addition, plasma vitamin E and beta-carotene levels 
of the JIA children were lower in all JIA types. A further study evaluated both enzymatic and non-enzymatic antioxidant 
status in children with JIA, documenting significantly reduced albumin, ceruloplasmin, vitamin C, vitamin E as well as 
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erythrocyte SOD and GPX activities concentrations [167]. In 2000 Renke et al. [168] assessed free radical reactions in 
children with different types of JIA, evaluating carbonyl groups' content in plasma proteins; compared to healthy 
subjects, JIA children showed significantly higher carbonyls levels, especially in patients with high-disease activity than 
in children with medium- or low-disease activity. In addition, children with oligoarthritis showed lower carbonyls levels 
than children with systemic and polyarthritis JCA. The authors concluded that carbonyls levels represent a helpful 
marker of inflammatory process activity in children with diagnosis of JIA.  

It has also been suggested an elevated in situ NO production in JIA children, supporting the implication of nitrogen 
and oxygen species in the joint damage in subjects with JIA [169]. In 2006, Zurawa-Janicka et al. [170] investigated 
which fraction of proteins was mostly damaged by oxidative stress, by estimating the carbonyl derivatives of plasma 
proteins in JIA children. The authors demonstrated that γ-globulins were preferentially oxidized, without 
involvement of the majority of the other proteins; furthermore, oxidative proteins alterations were linked to the type 
of JIA. These data could support carbonyls as good markers of inflammatory progression in young patients with 
different JIA categories. Recently, Brik et al. [155] investigated the composition of salivary glands and the 
antioxidant profile in young patients with JIA. Twenty-two children and adolescents (10 oligoarticular, 7 
polyarticular, and 5 systemic-category) and 15 controls were recruited. The authors documented a major increase in 
antioxidant enzyme activity (peroxidase activity, SOD) both in serum and in saliva of JIA patient; furthermore, 
children with oligoarticular JIA showed significant damage of salivary glands compared to controls and also to other 
JIA subjects. In 2010, the same study group [8] confirmed that children with JIA showed a higher salivary 
antioxidant activity and lower MMP values. In addition, anti-TNF treatment was related to an additional reduction in 
MMP in JIA children’s saliva, whereas an active state of JIA was linked to a further augment in the salivary 
antioxidant activity. Therefore, it is verisimilar that anti-TNF therapy may modulate the degradation progression 
through arthritis by inhibition of the activity of MMP. 

It has also been investigated whether determination of antioxidant enzyme levels can be used as following marker 
for immunosuppressive therapy in young patients with JIA. Gotia et al. [171] documented low antioxidant enzymes 
at diagnosis, with a parallel high MDA, SOD and inflammatory tests. In the majority of patients, after 6 weeks of 
anti-inflammatory therapy, antioxidant enzymes were still low, also in cases that need immunomodulatory activity, 
in comparison to inflammatory tests that became normal. Furthermore, it has been reported in a year follow-up study 
that level of plasma protein oxidation products remains higher in children with JIA than controls; however, the lack 
of further accumulation of plasma protein carbonyls should represent the result of an efficient proteolysis in infancy 
during anti-inflammatory treatment [172]. 

In conclusion, further studies are needed to elucidate the oxidative stress-related injury effect as well as to develop 
high-quality markers helpful in monitoring the clinical treatment of young children suffering from JIA. 

OXIDATIVE STRESS AND ASTHMA 

Over the past several decades the rates of childhood asthma, a complex chronic inflammatory disorder of the airways, 
has steadily increased. In fact, the Centers for Disease Control National Surveillance for Asthma [173] revealed that its 
prevalence in children has risen from 3.5% to 7.5% over a period ranging from 2001 to 2003. Accordingly, the World 
Health Organization [174] includes asthma among the major chronic disorders representing worldwide public health 
priorities. The genesis of chronic inflammation of the airway system [175] observed in asthma is characterized by 
persistent infiltration of eosinophils, T-lymphocytes and mast cells combined with different cytokines. Currently, there is 
an increasing body of literature on the discovery of those genes coding for proteins involved in inflammation of asthma 
[176]. Glutathione S-transferase (GST) is a candidate gene due to its role in protection against oxidative stress, as 
recently demonstrated by Babusikova et al. [177] who found that the GST-T1 null genotype was more frequent among 
asthma patients. Very recently, also Ercan et al. [178] reported in a large group of children that asthma was associated 
with a very strong systemic oxidative stress, that increased in parallel with the severity of the disease; furthermore, the 
authors reported that, from the GST supergene family, GSTP1 val/val genotype at GSTP1 Ile105Val locus was a 
significant determinant of the degree of oxidant injury in this population. In this respect, there is a growing evidence that 
asthma is related to oxidative stress. Many studies have been performed to clarify the association between asthma and 
oxidative stress, as a high production of reactive oxygen species has been detected in numerous cells in the lungs of 
asthmatic patients [179]. Consequently, this high pulmonary amount of reactive oxygen species, linked to hyper-
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responsiveness degree, leads to an impaired oxidant/antioxidant status with exacerbation of inflammation. In this respect, 
leukotriene B4 and 8-isoprostane concentrations have been found increased in asthmatic children compared to healthy 
subjects, with differences detected for degrees of asthma severity [180]. The oxidative stress has been investigated not 
only in the systemic circulation but also locally in the airways system [9]. In fact, children with severe asthma have 
increased biomarkers of oxidant stress also in the epithelial lining fluid, which are associated with increased formation of 
glutathione disulfide and a shift in the glutathione redox potential toward the more oxidized state [181]. Also Dut et al. 
[9] detected significantly higher levels of MDA and lower levels of reduced glutathione in asthmatic children compared 
with controls, without difference between mild and moderate asthmatics. Recently, as severe asthmatic children have 
poor symptom control and elevated markers of airway oxidative and nitrosative stress, a study has been performed 
evaluating the relationship between asthma pathology and the depletion of S-nitrosothiols (SNOs) [182]. SNOs 
represents a class of endogenous airway smooth muscle relaxants, resulting from increased activity of an enzyme that 
both reduces SNOs to ammonia and oxidizes formaldehyde to formic acid, a volatile carboxylic acid more easily 
detectable in exhaled breath condensate (EBC) than SNOs. The authors found that EBC formate concentration was 
significantly higher in the breath of children with asthma than in those without asthma. In addition, among asthmatics, 
formate was elevated in the breath of those with severe asthma compared to those with mild-to-moderate asthma. It has 
been suggested that this difference is related to asthma pathology and may be a product of increased catabolism of 
endogenous S-nitrosothiols. Exhaled NO (eNO) has been shown to tightly reflect this airway inflammation [183] and its 
fractional concentration in exhaled air (FeNO) has been recently accepted by the PRACTALL Consensus Report for the 
Diagnosis, Management and Treatment of Childhood Asthma as a logical complementary item in the follow-up of 
bronchial inflammation [184]. Recent results have indicated that children with elevated FeNO are at increased risk for 
new-onset asthma, especially if they have no parental history of asthma [185]. In addition, in schoolchildren with asthma 
the major serum antioxidant albumin levels have been found reduced and associated with increased FeNO, while poorly 
controlled asthma has been associated with decreased vitamin E levels [186].  

Oxidative stress can be not just caused by airway inflammation but is able as well to worsen it [179]. An impaired 
oxidant/antioxidant status can alter the T helper 1/T helper 2 immune response leading to NF-β activation, a key 
oxidative stress inducible inflammatory marker and potent inducer of pro-inflammatory genes [176]. In fact, an 
important aspect is the genetic susceptibility to an impaired oxidant/antioxidant status [187], and antioxidant 
enzymes polymorphisms represent possible and considerable risk factors for airway inflammation. In addition, the 
exposure of respiratory tract to air pollution and tobacco smoke causes oxidative stress and can trigger asthma, 
especially in children [176]. In fact, two important risk factors for unfavorable respiratory outcomes are represented 
by prenatal and postnatal tobacco smoke exposure. In particular, maternal smoking during pregnancy has adverse 
effects on lung function of infants and children. It has been recently demonstrated that GSTs genes may be 
especially important during fetal development because they may modify, through proficient detoxification, the 
effects of in utero maternal smoke exposure on AR and lung function in infants during the first year of life [188]. 
However, it has also been reported that, although the detrimental effect of intrauterine tobacco smoke exposure on 
childhood lung function are confirmed, there is no strong evidence of modification by maternal genotype for 
important antioxidant genes, such as GST. Therefore, it has been suggested that adverse effects of fetal exposure to 
tobacco smoke on the respiratory health of children may be mediated by pathways other than oxidative stress [189].  

Some authors have explored the oxidative stress implications regarding therapy. In fact, respiratory diseases are 
more common in those adults with scarce dietary intake of vegetables, fruit and antioxidants [190,191]. Many 
studies have investigated the effects of diet on respiratory health during infancy [192-194]. It has been reported that 
low fish intake represented the most consistent predictor of poor respiratory health, while fruit and vegetable intake 
showed stronger associations with cough than with wheeze [192]. Gilliland et al. [193] found that low intakes of 
orange and other fruit juices, which were the largest source of vitamin C, were associated with deficits in forced 
vital capacity and forced expiratory volume in 1 second in boys, evidencing lower lung function levels in children 
with inadequate dietary antioxidant vitamin intake. Furthermore, as previously shown by several epidemiological 
studies [192,195], a recent study has demonstrated in children aged 8-13 years that the intake of whole grain 
products and fish was inversely associated with asthma, suggesting that these products may have a protective effect 
against asthma in children [194]. However, the supplementation of current pharmacological strategies with dietary 
interventions, finalized to reduce oxidative stress and prevent or minimize asthma, is not supported by many 
randomized, placebo-controlled studies [196].  
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In conclusion, a better understanding of the intricate relationship between asthma and oxidative stress is required to 
augment the therapeutic approaches. 

CONCLUSION 

Oxidative stress is strongly implicated in the pathogenesis of many diseases, with deleterious systemic consequences 
already in young subjects. There are numerous cellular biochemical targets for oxidative stress, all susceptible to long-
lasting dangerous effects especially if they take place early during infancy. In fact, childhood per se represents a phase of 
life of paramount importance, during which many fundamental processes happen. In particular, prepubertal children 
offer the advantage to have no confounding factors, such as pubertal development and the duration of disease. 
Furthermore, children who experience adverse systemic events are potentially exposed to a high risk for developing 
permanent and severe complications, while a timely good metabolic control has long-term beneficial effects. This 
process has been named “metabolic memory” and refers to diabetic complications, as the concept that early glycemic 
environment is memorized in target organs and has persistent influence on the progression of T1D and T2D 
complications [197,198]. Metabolic memory has emerging as a complex process and recent evidence has suggested that 
oxidative stress plays a central role [199]. In fact, oxygen reactive species are of paramount importance in developing 
hyperglycemia-related diabetic complications, clarifying why the risk for complications still persists after reaching a 
good glycemic control. In both human and animal models it has been demonstrated that oxidative stress damages 
mitochondria, leading to impaired cellular functions for long time. The potential adverse consequences of oxidative 
stress may concern not only the diabetes status but potentially all disorders characterized by an impaired oxidant-
antioxidant status. For this reason, it is fundamental to reduce intracellular exposition of oxidative stress to switch off 
early the metabolic memory and preserve prepubertal children to the tracking of systemic alterations from infancy to 
adolescence and, then, to adulthood. Therefore, an early diagnosis of children with a highly altered oxidant/antioxidant 
status related to organic disease is crucial. Much work still needs to be done to offer appropriate treatments aiming to 
guarantee a good quality of life for the young patients. 
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Maternal and Fetal Metabolic Dysfunction in Pregnancy Diseases Associated 
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Abstract: Molecular mechanisms are increasingly being reported allowing a better understanding of the mother health 
and fetal metabolic abnormalities in pregnancies that are affected by diseases. Most aspects of cellular function are 
regulated by a tuned equilibrium between the ability of cells to synthesize oxidants and antioxidants, and preventing 
the formation or blocking the actions of antioxidants. Oxidative and nitrative stresses are causative agents in human 
pregnancy-related disorders, including preeclampsia, intrauterine growth restriction, pre-gestational and gestational 
diabetes and premature delivery. An equilibrium between abundance and/or activity of reactive oxygen (ROS) and 
nitrogen (RNS) derived species, and antioxidant and nitrative enzyme systems are crucial in gestation. Hydrogen 
peroxide and superoxide radicals as well as NADPH oxidase and nitric oxide synthases (NOS) play significant 
contributions to maintain this physiological equilibrium in the human fetoplacental endothelium. Alterations in this 
relationship lead to abnormal cell function, where the endothelium is one of the targeted cells affected by these 
pathological conditions. Thus, altered ROS and RNS production, i.e., over the physiological permitted levels, leads to 
altered endothelial function, a phenomenon associated with endothelial dysfunction in pregnancy diseases. This 
chapter briefly reviews general aspects of oxidative and nitrative stress in the vasculature in diseases of pregnancy, and 
a role to NADPH oxidase, NOS and adenosine is summarized. 

Keywords: Placental dysfunction, pregnancy-related disorders, oxidative and nitrative stresses, fetal metabolic 
abnormalities, preeclampsia, intrauterine growth restriction, pre-gestational diabetes, gestational diabetes, 
endothelial dysfunction in pregnancy. 

INTRODUCTION 

A large number (~15%) of the women who get pregnant will develop complications leading to maternal or fetal vital 
risk. More than 500 thousand women die each year in the world due to complications during their pregnancies or at 
delivery. The perinatal diseases with major impact are intrauterine growth restriction (IUGR), pre-eclampsia (PE), 
preterm delivery (PTD), diabetes mellitus and gestational diabetes (GD). The incidence of these pathologies varies 
between 2-15%, with evident consequences for clinical care (i.e., assistance) and social support (i.e., familiar aspects 
and quality of life) of patients. The etiology of these pathologies is multiple, but unfortunately a significant number 
of these diseases are idiopathic, with not a clear cause.  

Placental dysfunction is a common condition for several of these pregnancy diseases, where altered placental 
function is associated particularly with vascular and endothelial dysfunction, and/or a local condition limiting 
oxygenation to the developing fetus [1-6]. Even when the existence of alterations in the placenta in these pathologies 
is known, there is no concluding information regarding the intrinsic mechanisms of the etiology. This is potentially  
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School of Medicine, Pontificia Universidad Católica de Chile, P.O. Box 114-D, Santiago, Chile; Tel: +562-3548118; Fax: +562-6321924; E-
mail: sobrevia@med.puc.cl 



Maternal and Fetal Vascular Oxidative and Nitrative Stress An Overview of Association with Oxidative Stress   99 

evidenced in the unequal therapeutical approach that is at present used to treat patients with these pregnancy-related 
pathologies associated with placental dysfunction.  

The normal development of the placenta is crucial to sustain the adequate fetal development and growth. The human 
feto-placental circulation under physiological conditions exhibits a high blood flow and low vascular resistance. 
Since it lacks of autonomic innervation [7,8], circulating and locally released vasoactive molecules, such as nitric 
oxide (NO), are crucial to maintain the control of feto-placental hemodynamics [5,6]. The alteration in this process, 
where the placental function is not preserved, referred as ‘placental dysfunction’, leads to different clinical 
manifestations of diseases of pregnancy diagnosed alone or associated with other diseases in a same patient, leading 
to multiple clinical possibilities, maternal and/or fetal symptoms, as well as different short and long term prognosis. 

Oxidative stress has been suggested as a causative agent in human pregnancy-related disorders, such as embryonic 
resorption, recurrent pregnancy loss, PE, IUGR and fetal death [5, 9]. It has been suggested that reactive oxygen 
species (ROS) and antioxidant enzyme systems are important for reproduction and gestation. For example, hydrogen 
peroxide (H2O2) and superoxide radicals, such as the superoxide anion (O2

-), play important roles in the control of 
uterine contraction [10,11], and in implantation and development of the fetus. In these phenomena a fine regulation 
of ROS levels by oxidases and antioxidant enzymes activity in cells from placental tissues is seen. Several markers 
of oxidative stress like higher levels of pro-inflammatory cytokines, 8-isoprostane, H2O2 and O2

- in the plasma and 
the placenta have been detected in PE [9]. Although measurements of markers of oxidative stress in maternal blood 
and urine show that pregnancy per se is a state of oxidative stress, this is heightened in pregnancies complicated by 
PE, IUGR or diabetes [3, 5]. Placenta production of O2

- is increased in PE and there is evidence for an increase in 
O2

- production in the placenta that is dependent on homologues of the cytochrome subunit of the phagocyte 
NADPH oxidase (NOX) [12]. Nox1 and Nox5 isoforms of the NOX family were initially cloned in human 
trophoblast, and the expression of these isoforms increased in the syncytiotrophoblast, vascular endothelium and 
estromal cells of the placenta in PE [5,13], suggesting that these isoforms could be required for the state of 
‘oxidative stress’ in this pathology [3, 5]. In addition to ROS, it has been shown that in maternal circulating 
leucocytes from 16th week of gestation there is an elevation of nitrative stress. The prolonged nitrative stress in GD 
patients may be involved in the development of carbohydrate intolerance later in life or in the development of late 
cardiovascular complications [14]. In patients with GD or PE there is a decrease in the antioxidant defense 
paralleled by increased levels of protein oxidation markers associated with oxidative stress [15]. In addition, in 
placental endothelial cells from PE there is a decrease in the expression of the inducible NO synthase (iNOS) 
isoform related with high levels of extracellular adenosine and oxidative stress. This phenomenon could be involved 
in the reduced placental blood flow in PE where a pivotal role seems to be played by vascular macro and 
microvascular endothelium [3, 4, 6]. 

Vascular Function and Reactive Oxygen (ROS) and Nitrative (RNS) Species  

Endothelial cells are involved in regulation of vascular tone through the release of vasoactive substances, such as 
prostacyclins (PGI2) [16], endothelin-1 [17] and NO [16,18]. The broad functions of NO include regulation of 
vascular tone, cell proliferation, vascular remodeling, inflammation and thrombotic balance [19,20]. In other hands, 
ROS are important vascular signaling molecules or mediators of oxidative stress [21]. ROS modulate signaling of 
growth factors and transcription factors controlling gene expression associated with proliferation, differentiation and 
apoptosis. Under normal physiological conditions, ROS degradation by antioxidant enzymes is enough to maintain a 
controlled activation of signaling cascades (Fig. 1).  

ROS include a number of highly chemically reactive molecules including O2
•-, hydroxyl radical (•OH), peroxide 

radicals (ROO•), carbon monoxide (CO), and certain non-radicals molecules that are either oxidizing agents and are 
easily converted into radicals, such as hypochlorous acid (HOCl), ozone (O3), singlet oxygen (1O2) and hydrogen 
peroxide (H2O2) [22]. The O2

•- can be synthesized by NOX, xanthine oxidoreductase (XOR), complexes I and III of 
the electron transport chain, uncoupled NOS [19], heme-oxygenase (HO), the P450 enzymes family and enzymes of 
the arachidonic acid metabolism [23]. NOS synthesize O2

•- only when adopt the "uncoupled" form due to several 
conditions including reduced availability of cofactors such as tetrahydrobiopterine (BH4) (Fig. 1).  

In addition, reactive nitrative species (RNS) relates mainly to NO•, which is synthesized by NOS in normal 
conditions, but depending on its environment, it can be transformed into other species such nitrosonium cation 
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(NO+), nitroxyl anion (NO-) and peroxynitrite (ONOO-) [24]. The latter could also be considered as ROS since is the 
product of a reaction between NO and O2

•-. Similarly, there are several antioxidant systems that control the potential 
damage that could produce an environment of oxidative stress. Non-enzymatic antioxidant mechanisms are 
important in the defense or protection against the deleterious effects of oxidative agents. Examples of these 
molecules include ascorbic acid (vitamin C), α-tocopherol (vitamin E) and glutathione (GSH). GSH is the major 
cellular redox buffer and its intracellular concentration is in mM range [25]. In addition, cells express enzyme 
systems to control oxidative stress, such as superoxide dismutase (SOD), which converts O2

•- into H2O2 and O2. 
SOD uses metals as cofactors (Zn and Cu in the cytoplasm, and Mn in the mitochondria). Glutathione peroxidase 
(GPx) catalyzes the reduction of H2O2 oxidizing GSH to oxidized glutathione (GSSG), which oxidizes cysteine 
residues of proteins [26], a modification referred as S-glutathiolation. Catalase (CAT) metabolizes H2O2 to form O2 
and H2O. Thus, cells handle abnormal increases in ROS under stress conditions; however, in pathological 
circumstances the antioxidant capacity is exceeded by oxidative stress leading to cell damage. 

 
Figure 1: Enzyme systems involved in the generation and control of oxidative and nitrative stress. Overproduction of superoxide 
anion (O2

.-) by NADPH oxidases (NOX), uncoupled nitric oxide synthase (NOS), xanthine oxidase (XO) and mitochondrial 
electron transport chain (METC) and further reaction with nitric oxide (NO) results in the formation of peroxynitrite (ONOO-), 
which changes several molecules in the cell leading to altered cell function. On the other hand, O2

- accumulation is avoided by 
the action of superoxide dismutase (SOD) that converts it into hydrogen peroxide (H2O2), which is finally degraded into water by 
catalase (CAT) and glutathione cycle system preventing cell damage. Light blue shows a physiological condition, while red 
refers to pathological conditions due to abnormally elevated levels. GSH, glutathione; GSSG, glutathione disulfide; GPx, 
glutathione peroxidase; GR, glutathione reductase. 

SYNTHESIS OF ROS IN THE VASCULAR ENDOTHELIUM 

Among all sources of endothelial ROS, NOX are the only enzymes whose primary function is the generation of ROS 
and play an important role in redox signaling [27]. The activity of NOX may cause uncoupling of eNOS as a secondary 
effect to the oxidative degradation of tetrahydrobiopterin (BH4), leading to the synthesis of O2

- in detrimental of NO 
synthesis [28,29], a phenomena implicated in hyperglycemia-associated oxidative stress [30] (Fig. 2).  

Once synthesized, O2
- it is used as a substrate by SOD to generate H2O2 which has greater stability and capacity to 

cross biological membranes and act as a modulator of signal transduction pathways [31]. In addition, the O2
- reacts 

rapidly with NO to generate ONOO- [32], a powerful oxidizing agent that induces DNA fragmentation and lipid 
oxidation [33]. Currently, it is postulated that the mechanism by which oxygen ‘hijack’ the NO plays a central role 
in the development of endothelial dysfunction in diseases such as diabetes mellitus [34-36], PE [3,37] and 
hypertension [38]. In diabetes, it has been reported that activation of NOX is dependent of the protein kinase C 
(PKC) activation [39], advance glycation-end products (AGEs) and angiotensin II [30]. The mechanism by which 
NOX-derived ROS causes biological effects include stimulation of angiogenesis [40], activation of phospholipase 
A2 [41], and increased PKC [42] and nuclear factor ĸB (NFĸB) [43] activity. 
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Figure 2: Sources of oxidative stress in the human fetoplacental endothelium. In endothelium exposed to a stressful situation 
(grey arrows) there is an up regulation of NADPH oxidase and xanthine oxidase (XO), increased mitochondrial activity and/or 
altered (uncoupling) function of the endothelial nitric oxide synthase (eNOS) due to reduced supplementation of 
tetrahydrobiopterin (BH4) or L-arginine. This phenomenon leads to increased synthesis of superoxide anion (O2

-) in detrimental 
of nitric oxide (NO) synthesis. With a physiological L-arginine and cofactors availability to eNOS, this enzyme releases NO, 
which in the presence of elevated levels of O2

- is converted into peroxynitrite (ONOO-). The latter is a highly reactive molecule 
involved in protein nitration leading to altered function in several proteins in vascular endothelium of the human fetoplacental 
circulation. Alternatively an increase in the activity of superoxide dismutases (SOD) leading to synthesis of a more stable 
reactive specie, hydrogen peroxide (H2O2), plays a role in regulation of intracellular signaling pathways involved in changes of 
genes expression modifying expression of proteins involved in redox and NO metabolism. This phenomenon is accelerated if 
there is a decrease in the activity of catalase and glutathione peroxidase. If these phenomena are chronic, endothelial dysfunction 
and vascular damage in placental and fetal vessels is the final result. 

Several studies indicate that persisting oxidative stress renders endothelial NOS (eNOS) dysfunctional, such that it 
ceases to produce NO and produces O2

- instead [19,22]. Pro-oxidant action of NO is attributed to reactive nitrogen 
intermediates rather than NO itself [9]. In addition to the interaction with NO, ROS have important direct effects 
through the modulation of diverse redox-sensitive pathways in endothelium [29]. In human umbilical vein 
endothelial cells (HUVEC), ROS pathway mediated by the activity of NOX is involved in the cellular effect of high 
extracellular concentration of D-glucose, related with changes in the expression and activity of proteins involved in 
the L-arginine transport and NO synthesis [44]. The cellular damage induced by ROS in the endothelium generates a 
reduced bioavailability of NO, leading to endothelial dysfunction [45-48]. If these alterations are maintained for 
long periods of time (i.e., chronically), endothelial dysfunction resulting of this condition is associated with 
structural alterations in blood vessels resulting in altered vascular tone, remodeling the vascular wall, platelet 
aggregation and inflammation. All these phenomena would trigger clinical complications such as myocardial 
infarction, heart attack, ischemia and cardiac congestive failure [20, 49].  

In the vasculature, the major sources of O2
- come from the activity of membrane and intracellular oxidases (NOX, 

XOR), mitochondrial activity and the uncoupled eNOS. NOX complexes, the major molecular sources of O2
-, 

consist of four essential subunits, membrane subunits gp91phox and p22phox and cytosolic subunits p47phox and 
p67phox; in addition, a cytosolic subunit p40phox has also been described [50]. Among the gp91phox isoforms, 
there is consensus that Nox2 and Nox4 are expressed in endothelium and that Nox1, Nox2 and Nox4 are expressed 
in vascular smooth muscle cells (VSMC) [29, 50]. Recently, expression and activity of Nox5 has been reported in 
endothelium and placental cells [5, 13], but its physiological role in these tissues remains to be established. In 
arteries from placental chorionic plate, H2O2 causes an increase in vascular tone, an effect blocked by activation of 
CAT [51]. Also, vitamin C decreases the contractile response of placental vessels to the thromboxane A2 mimetic 
U46619 [51], a molecule that increases ROS levels, and SOD and CAT activity in vascular smooth muscle cells 
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[52]. Similar effects has been described in umbilical vein and in the microcirculation of the human placenta, 
suggesting a potential relation between oxidative stress and changes in the vascular tone leading to vasoconstriction 
in a mechanism mediated by increases in ROS synthesis from oxidative enzymes and related with higher activity of 
cellular antioxidant mechanism [5].  

SYNTHESIS OF RNS AND PROTEIN NITRATION IN THE VASCULAR ENDOTHELIUM  

NO Synthesis 

NO is a gas synthesized in endothelial cells from the semi-essential cationic amino acid L-arginine [44, 53], which is 
transported from the extracellular space into the endothelial cell by a family of cationic amino acid transporters (i.e., 
CATs) [44, 54-56]. In fact, there is evidence that NOS activity may depend on the ability of endothelial cells to take 
up its specific substrate L-arginine via a variety of membrane transporters systems [44,57-60]. Endothelial cells 
transport L-arginine through the transport systems y+, y+L, b0,+ and B0,+ [2,44,54,55,57]. NO is synthesized from L-
arginine in a metabolic reaction leading to equimolar formation of L-citrulline and NO [53, 55, 61]. This reaction 
requires the activity of NOS, a group of enzymes conformed by, at least, three isoforms, i.e., neuronal NOS (nNOS 
or type 1), inducible NOS (iNOS or type 2) and endothelial NOS (eNOS or type 3) [1,44,62]. The NO diffuses from 
endothelium to vascular smooth muscle cells leading to cyclic GMP (cGMP)-dependent vasodilatation [55, 63]. In 
vessels without innervations, as the distal segment of the umbilical cord [7, 8], vascular tone is regulated by the 
synthesis and release of vasoconstrictors and vasodilators from endothelial cells [64,65]. Thus, quiescent endothelial 
cells express a vasodilator, anticoagulant and anti-adhesive phenotype, whereas endothelial cells exposed to 
physiological stress have pro-coagulant, pro-adhesive and vasocontractile properties [66]. The reduced ability of the 
endothelium to stimulate vasodilatation mediated by NO is one of the events that triggers the endothelial 
dysfunction, which is strongly correlated with cardiovascular risk factors [67] and with early states of chronic 
diseases such as hypertension, hypercholesterolemia, diabetes mellitus, hyperhomocysteinemia, chronic renal 
failure, chronic cardiac failure [45-47]. 

Protein Nitration 

Nitronio ion derives from ONOO- and produces nitration of tyrosine residues in proteins, a reaction used as a marker 
for ONOO- formation in vivo. A higher abundance of nitrotyrosine in proteins has been described in several 
diseases, including GD [68] as well as in atherosclerotic lesions of human coronary arteries, post-ischemic heart, and 
in the placenta of pregnancies with PE [69]. Equally, it has been proposed that cell death by apoptosis in response to 
high extracellular D-glucose is associated with increased formation of nitrotyrosine in HUVEC [70], and formation 
of ONOO- reduces mitochondrial activity in several cell types [53]. Interestingly, adenosine uptake is an essential 
step protecting mitochondrial function against the deleterious effects of increased ONOO- in rat astrocytes [71]. 
Thus, potential alterations induced by ONOO- on adenosine transport capacity in endothelial cells could be 
determinant limiting the attributed antioxidant role of adenosine [72-74].  

It has been shown that although adenosine did not limit the formation of ROS, this nucleoside decreased the deleterious 
cellular consequences produced by ROS in rat hippocampus slices [75]. This effect of adenosine occurs via different 
adenosine receptors. In rats a protective effect of the A1 adenosine receptor agonist phenylisopropyl adenosine (PIA) in 
brain oxidative stress has been shown [76], and in isolated rat hearts perfused with H2O2 a selective protective effect of A1 
adenosine receptor activation with N6-cyclopentyladenosine (CPA) against the cardiac toxicity of H2O2, where the 
presence of A2A receptor agonist CGS-21680 has no effect, was reported [77]. This antioxidant effect of adenosine is not 
only in the presence of H2O2, since adenosine and A1 adenosine receptor stimulation with CPA attenuated ischemic 
intestinal injury via decreasing oxidative stress, lowering neutrophil infiltration, and increasing reduced glutathione 
content [78]. Moreover, in PC12 cells the A2A adenosine receptors activation prevented oxidative stress trough a PKA-
dependent pathway, thus possibly playing a role in preventing apoptosis [79]. In the human cell line HK-2 treated with 
H2O2, adenosine protected against H2O2-induced injury through the activation of A1 and A2A adenosine receptors, 
apparently through different signaling pathways, i.e., A1 adenosine receptors-associated protection involves pertussis 
toxin-sensitive G proteins and PKC, whereas A2A adenosine receptors involves PKA [80]. A different signaling pathway is 
described in adult rat cardiomyocytes, where adenosine protects mitochondria from oxidant damage in response to H2O2 
through a pathway involving A2A adenosine receptors, Src tyrosine kinase, phosphatidyl inositol 3-kinase (PI3k)/protein 
kinase B (Akt), eNOS and NO [81]. There is also evidence that adenosine is functionally involved in the regulation of 
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cardiac ROS production under physiological conditions. The knockout mice or pharmacological blockade of the A2A in 
vivo was associated with cardiac ROS production by NOX through mitogen activated protein kinases (MAPK) activation 
[82]. The latter group described that inhibition of A2A adenosine receptors with SCH58261, knockdown of A2A adenosine 
receptors using siRNA in the endothelial cell line SVEC4-10 or using a knockout mice effectively inhibits basal and acute 
angiotensin II-induced ROS production by Nox2 [83].  

Since it has been proposed that extracellular levels of adenosine are mainly maintained in the physiological range by the 
ability of endothelial cells to take up this nucleoside, nucleoside membrane transporters play a pivotal role in modulating 
biological effects of this purine nucleoside [1,4,6]. Nucleoside transporters grouped into two families mediate extracellular 
adenosine removal: equilibrative nucleoside transporters (ENTs) and concentrative nucleoside transporters (CNTs) 
[1,4,6,84,85]. At present four members of the ENTs family of solute carriers (SLC29A genes) have been cloned from 
human tissues (i.e., ENT1, ENT2, ENT3 and ENT4). Under physiological conditions, in primary cultures of HUVEC 
adenosine transport is mainly (~80%) mediated by the human ENT1 (hENT1) [86, 87], and in a minor fraction (~20%) by 
hENT2 [87,88]. hENT1 is a protein of 456 amino acids, encoded by SLC29A1, with apparent Km values in the range of 
50-200 µM for purine and pyrimidine nucleosides transport. hENT2 is a protein of 456 amino acids, encoded by 
SLC29A2. In addition to purine and pyrimidine nucleosides, hENT2 also transports nucleobases and exhibits apparent Km 
values varying from 40 to 150 µM for adenosine. hENT1-mediated transport is inhibited by <1 µM nitrobenzylmercapto 
purine riboside (NBMPR) while higher NBMPR concentrations inhibit hENT2-mediated transport [84,87,88].  

Separating hENT1- and hENT2-mediated transport from overall adenosine transport has been essential to characterize 
the kinetic transport parameters of these proteins when co-expressed in mammalian cells. hENT1 and hENT2 proteins 
exhibit tyrosine residues that are phosphorylated to maintain its transport function [89]. However, it is unknown whether 
these sites are nitrated and what would be the potential effects of nitration reactions in the transport activity of these 
proteins [2,6]. The amino acid sequence of hENT1 and hENT2 contain tyrosine residues in the positions Y11, Y172, Y232 
and Y234 for hENT1, and Y11, Y159, Y221, Y222 and Y350 for hENT2. There are not existing studies addressing the potential 
nitration of these sites in hENT1 or hENT2 [4,6], thus we would expect that these sites will be nitrated in diseases where 
NO synthesis is increased, such as GD [1,2,4,6,44]. In addition, whether nitration of tyrosine is a post-translational 
modification associated with changes in transport function in HUVEC and in human placental microvascular endothelial 
cells (HPMEC) from pregnancy diseases, including GD and PE, or in cells from normal pregnancies exposed to hypoxia 
or hyperglycemia is at present a phenomenon without a clear answer. Since adenosine transport mediated via hENT1 
(and potentially via hENT2) is under strong regulation by the activity of PKC and NO in primary cultures of HUVEC 
[87,88,90-94] it is expected a potential nitration of these cell signaling proteins or other proteins (perhaps the proper 
membrane transport proteins) in response to activation of these signaling molecules [2,4,6]. 

OXIDATIVE AND NITRATIVE STRESS IN PREGNANCY DISORDERS INTRAUTERINE GROWTH 
RESTRICTION (IUGR) 

This syndrome is generally defined as the inability of the fetus to reach its potential intrauterine growth, and 
clinically defined as the estimated fetal weight under the 10th percentile [2]. IUGR has been associated with prenatal 
disturbances, including fetal asphyxia, prematurity and neurological disabilities. Gathering the available information 
regarding IUGR-induced long-term morbidity, known as ‘fetal programming’, we can at this point remark an 
association of IUGR and chronic diseases such as obesity, dyslipidemia, hypertension, type 2 diabetes and coronary 
disease. Studies in IUGR and placental dysfunction show that in primary cultures of HUVEC derived from this 
syndrome there is a reduced uptake of L-arginine [58,88] related to down-regulation of the expression of hCAT-1 
(isoform 1 of human CATs) mRNA and protein levels as well as membrane depolarization which represents one of 
the proposed mechanisms explaining this phenomenon in IUGR. Only recently it has been shown that HUVEC 
derived from IUGR pregnancies over-express arginase II, an enzyme that also metabolizes L-arginine, leading to a 
functional competition for this substrate with eNOS, thus reducing NOS activity and NO levels [95]. These results 
highlight the fact that altered L-arginine transport and NO synthesis in the placenta endothelium may be crucial in 
the pathophysiological processes involved in the etiology of this disease in human pregnancy. 

An elevated oxidative stress level and reduced antioxidant activity has been reported in placentas from pregnancies 
with IUGR compared with normal pregnancies [2] (Fig. 3). In the placenta of women with preeclampsia and IUGR 
there is an increase in nitrated protein tyrosine residues, which is correlated with higher generation of O2

- forming 
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ONOO-. The ONOO- also causes oxidation of tyrosine residues, changes that could lead to activation, suppression or 
have no effect on the function of nitrated proteins [96]. To date, it has been reported that nitration of human SOD by 
ONOO- inhibits its activity [97], but ONOO- inhibits XO activity [98], thereby controlling the synthesis of additional 
ONOO-. These posttranslational modifications might be relevant to placental dysfunction seen in IUGR. However, the 
relationship between nitrated proteins and impaired placental function is still poorly understood [5]. Interestingly, it has 
been reported that SOD expression in placentas from pregnancies with IUGR, is not significantly different from 
placentas from normal pregnancies [99]. Other studies show that IUGR is associated with altered activity of SOD, GPx, 
CAT and XO in human microvillus tissue explants, in addition to altered levels of these molecules at the fetal and 
maternal plasma [100]. These findings are complemented with reports suggesting that reduced SOD activity correlates 
with elevated concentrations of cadmium, arsenic and lead in placenta homogenates from IUGR pregnancies [101]. 
Interestingly, it has been possible to cause in vitro an increase in the formation of syncytial knots by hypoxia and 
hyperoxia (1 and 20% O2, respectively) compared with normoxia (6% O2) or H2O2 treatment, which is similar to those 
observed in placentas from IUGR. Thus, an oxidative stress stage is closely associated with placental dysfunction in 
IUGR by still not very well characterized mechanisms involving ROS and/or RNS [2, 5, 102]. 

PRE-ECLAMPSIA (PE) 

This syndrome refers to several vascular alterations characterized by maternal hypertension and proteinuria [103]. 
PE is a cause of maternal mortality, and one of the main causes of perinatal mortality and neurological sequelae as 
well as prematurity [2,3,5]. PE is characterized by poor perfusion of the maternal and fetal circulations of the 
placenta, which thus affects fetal growth and development, and, even though it is epidemiologically important, the 
etiology of preeclampsia has not been clearly established [3,5,104]. PE is characterized by profound dysfunction of 
the vascular endothelium, a phenomenon that could be secondary to oxidative stress [105]. There is abundant 
evidence [5, 99, 106, 107] that placental function is altered in PE and reductions in total radical trapping antioxidant 
capacities such as the scavenger activity of SOD and CAT, glutathione metabolism and/or vitamin E levels, as well 
as an increase in lipid peroxides, are seen in preeclamptic [108] or diabetic patients [109] together with the presence 
of nitrotyrosine residues [5] in villous tissue. The placenta may be exposed to intermittent perfusion causing 
ischemia/reperfusion injury [110] mediated mainly through the generation of cytotoxic ROS [111]. Several studies 
show increased production of ROS as well as RNS in preeclamptic placenta [112-114], and increased maternal [115-
118] and fetal [119-121] plasma level, which is a phenomenon thought to scavenge NO to decrease its 
bioavailability [103,122] (Fig. 3). Interestingly, blocking ROS generation would be beneficial in PE improving the 
deteriorated endothelial function [123], including the fetal and maternal vascular endothelium [2, 3, 6]. 

Since adenosine plays a key role as a vasoactive molecule leading to local vasodilatation in most vascular beds, 
including placental vessels [1,4,6] and acts as antioxidant [55,57] a role has also been assigned to this nucleoside in 
PE [100]. It has been shown that PE is associated with increased plasma adenosine concentration with the 
subsequent alteration of endothelial cell function due to the biological actions of this nucleoside. Adenosine, likely 
acting via A2A adenosine receptors increases intracellular cAMP level and reduces the nuclear factor κB (NF-κB) 
binding to NOS2A promoter gene leading to reduced transcriptional activity of this gene and reduced expression of 
iNOS in hPMEC [3]. This phenomenon could explain, at least in part, the reduced placental blood flow 
characteristic of PE. The impact of the potential role of adenosine on the etiology of PE-induced feto-placental 
endothelial dysfunction is strengthened when placental hypoxic lesions, a phenomenon well documented as a 
condition increasing extracellular adenosine [6], are clinically manifested in this pathology. Thus, a mechanism 
associated with altered adenosine handling by the feto-placental vasculature, particularly at the micro and 
macrovascular placenta endothelium, has been proposed [4,6]. This concept could be the base for future design and 
application of new therapeutic protocols considering adenosine and its several biological effects, including its 
potential as antioxidant (a very poorly documented property) and as pro-angiogenic factor in the placenta, in the 
critical care of patients with preeclampsia to secure a less stressed development and growth of the fetus.  

PRE-GESTATIONAL DIABETES 

Pre-gestational diabetes is a state of endothelial dysfunction where ROS and RNS contribute to the progression of diabetes 
[124,125]. Oxygen-free radicals including O2

- are thought to result from prolonged periods of exposure to hyperglycemia 
[44], a condition known to cause non-enzymatic glycation of plasma proteins [126]. The O2

- in the absence of appropriate 
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levels of scavengers may lead to an imbalance between pro-oxidants and antioxidants and produce a state of oxidative 
stress [4-6,44]. Diabetes mellitus type 2 (DMT2) is a chronic diseases leading to a high number of deaths resulting from 
alterations of the endothelial dysfunction, and the World Health Organization, considering the gradual increasing in the 
rates of obesity, aging and urbanization of world population, estimates that in 2030 the diabetes mellitus prevalence will 
reach ~4.4% of the world population, increasing the number of people affected by this disease to more than 300 million 
[127]. In addition, about 2.9 million people die annually from diseases whose origin is attributed to the development of 
diabetes mellitus, being the vascular diseases the leading cause of morbidity and mortality in these patients [128,129]. 
Remarkable, it is well known that the development of diabetes in the pregnancy (i.e., gestational diabetes) has 
repercussion in the development of DMT2 [130,131] or is associated with a high susceptibility to cardiovascular diseases 
[4,132,133] later in life in both mother and child [2, 4, 6, 134].  

The development of cardiovascular disease in diabetic patients is associated with increased oxidative stress [48] 
caused by higher activity of the enzymes NOX and XOR, together with the uncoupling of eNOS. These phenomena 
induce cell dysfunction through oxidation of lipoproteins, nucleic acids, carbohydrates and proteins [20, 48, 135]. 
However, prior to endothelial dysfunction and cardiovascular complications in diabetes mellitus, the greatest risk 
factor is chronic hyperglycemia [6, 44, 129, 136, 137]. It has been shown that insulin resistance, resulting from 
hyperglycemia, is present in metabolic and chronic diseases (i.e., obesity, hypertension and metabolic syndrome), 
which increases the risk for developing cardiovascular events [35]. Clinical studies have shown that the reduction of 
the hyperglycemia in patients with DMT1 and DMT2 is associated with a delay in the establishment and progression 
of retinopathy, nephropathy, neuropathy and cardiac complications [138,139].  

The main mechanism for endothelial dysfunction induced by diabetes mellitus and high extracellular D-glucose is 
the oxidative stress resulting from the synthesis of ROS (Fig. 3) [35,140,141].  

 
Figure 3: Transcriptional regulation of NADPH oxidase and hCAT-1 in vascular endothelium exposed to high D-glucose. In 
HUVEC exposed to high extracellular concentrations of D-glucose there is an increased activity of diacylglycerol-dependent 
isoforms of protein kinases C, mitogen activated protein (MAP) kinases and transcriptional factors such as the nuclear factor 
kappa B (NFkB), leading to increased NADPH oxidase (NOX) expression and activity mediated by an increase of promoter 
activity of Nox1 and Nox4 genes in human fetoplacental vascular endothelium. A higher level of hydrogen peroxide (H2O2) 
released from NOX activity leads to activation of the general transcription factor specific protein 1 (Sp1). This mechanism 
induces an increase in the promoter activity of SLC7A1 gene, leading to increased human cationic amino acid transporter 1 
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(hCAT-1) expression and higher L-arginine transport and Nitric oxide (NO) synthesis from this amino acid via endothelial NO 
synthase (eNOS). Concomitant to these cellular events, accumulation of nitrogen reactive species (including peroxynitrite 
(ONOO-)) could be involved in high D-glucose triggered endothelial dysfunction and vascular pathology in the human 
fetoplacental circulation [44]. 

It has been established that in vascular endothelium the major source of ROS is the activity of NOX [142], and the 
intracellular O2

- is one of the most powerful factors associated with reduction in NO bioavailability induced by D-glucose 
[143]. In HUVEC, 33 mM D-glucose increases intracellular accumulation of ROS after 48 hours of exposure [144], while 
25 mM D-glucose for 24 hours increases the accumulation of ROS and PKC activity [145]. Additionally, the increase in 
the synthesis of ROS by high D-glucose has been associated with higher L-arginine transport; an effect blocked by co-
incubation with insulin or ascorbic acid in HUVEC. The experimental data reported in primary cultures of endothelial and 
vascular smooth muscle cells from umbilical vessels and from placental vessels, show that high extracellular concentration 
of D-glucose and gestational diabetes are associated with increased ROS synthesis with detrimental actions of NO, being 
this mechanism a key factor to the development of endothelial dysfunction [2,6,44]. 

GESTATIONAL DIABETES 

This is a syndrome characterized by glucose intolerance, leading to maternal hyperglycemia, first recognized during 
pregnancy, associated with abnormal fetal development and perinatal complications, such as macrosomia, neonatal 
hypoglycemia, and neuroconginitive and behavior disorders [72,146-149]. GD is one of the diseases of pregnancy 
with highest incidence, depending on the diagnostic criteria used, varying between 3-8% of the total of pregnant 
women in developing countries [150,151]. The main perinatal complications are late fetal mortality, fetal 
macrosomia associated with delivery complications, metabolic alterations in the neonatal period such as 
poliglobulia, hypoglycemia, hypocalcaemia. GD is characterized by abnormal regulation of the vascular tone in 
placental and fetal tissues. GD also alters adenosine metabolism [152] and leas to abnormal regulation of the 
vascular tone in placental and fetal tissues [153,154], a phenomenon associated with higher NO synthesis 
[1,2,86,93]. GD alterations of fetal endothelial function, including reduced adenosine transport and increased NO 
synthesis, are mimicked by exposure of HUVEC from normal pregnancies to elevated extracellular D-glucose (>5 
mM, high D-glucose) [155], a condition associated with increased formation of O2

- [156]. These findings are 
thought important in diabetes mellitus where episodes of elevated D-glucose plasma levels can occurs leading to 
endothelial dysfunction (Fig. 4).  

 
Figure 4: Acute equilibrium between oxidant and antioxidant species in endothelial function. A perfect equilibrium between 
oxidative (ROS) and nitrative (RNS) reactive species synthesis and bioactivity, and non-enzymatic and enzymatic antioxidant 
mechanisms are required to maintain a normal function of the endothelium. This phenomenon is considered as the bases of a 
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programming in uterus (‘fetal programming’) of a healthy state at adult life. When this equilibrium changes due to different 
factors associated with diseases of pregnancy, such as preeclampsia (PE), preterm delivery (PTD), pre-gestational diabetes 
mellitus (DM), gestational diabetes (GD) or intrauterine growth restriction (IUGR), a direct consequence is a reduced availability 
of nitric oxide (NO), therefore limiting its several biological effects, due either to reduced synthesis or increased formation of 
nitrative reactive species leading to protein nitration. The latter could ends in endothelial dysfunction, characteristic of the 
mentioned diseases. Following this abnormal cell function an increased risk of developing diseases is expected during the adult 
life of babies from women with pregnancies affected by these diseases. In this case the concept of fetal programming is validated 
and becomes crucial. O2

•-, superoxide anion; •OH, hydroxyl radical; ROO•, peroxide radicals; H2O2, hydrogen peroxide; NO-, 
nitroxyl anion; ONOO-, peroxynitrite, VitC, vitamin C; VitE, vitamin E; GSH, reduced glutathione; SOD, superoxide dismutase; 
GPx, glutathione peroxidase; CAT, catalase. 

GD is associated with oxidative stress [157-159], where an overproduction of ROS and free radicals is 
characteristic. In this phenomenon in GD, several enzymes are involved including NOX and XO [157], and 
phenomena such as lipidic peroxidation products (i.e., malondialdehyde, thiobarbituric acid reactive subtances, lipid 
hydroperoxide), which interrupt the electron flow in the mitochondrial respiratory chain [160-162], and protein 
oxidation (i.e., carbonylation, nitration of tyrosine and methionine sulphoxide formation) leading to proteolytic 
degradation [163]. In addition, RNS derived from NO leads to nitration and nitrosilation of several molecules, 
including DNA nitration leading to apoptosis [164], protein nitration influencing enzyme activities [165], and lipid 
nitration influencing several signaling pathways [166,167].  

Studies in the last decade have proposed that GD alters adenosine transport via hENT1 and hENT2, and L-arginine 
transport via hCAT-1 in HUVEC, suggesting that these pathological conditions alter cell signaling cascades 
involving PI3K, PKC (most likely PKCα), NO and p42 and p44 MAPK (p42/p44mapk) [1,2,4,6,86,93,94]. One of the 
consequences of the stimulation of this pathway is the activation of transcription factors inhibiting promoter activity 
of SLC29A1 (for hENT1) leading to reduced transcript and protein abundance with the subsequent reduced 
adenosine uptake. This could be a mechanism by which adenosine antioxidant properties could be facilitated since 
increasing concentrations of this nucleoside are reported in the umbilical vein blood from GD [4,6]. Less is known 
regarding expression and activity of hENT2 in this cell type, thus not really a clear contribution to this transport 
system has been reported regarding adenosine actions as a protective factor in ROS and RNS generation and 
biological effects in the fetoplacental circulation in this syndrome. It has been proposed that NO is not involved in 
the modulation of hENT2 in HUVEC, but nothing is clear regarding the implications of the proposed signaling 
pathway in the promoter activity of SLC29A2 in GD (and/or hyperglycemia). Interestingly, GD effects in the 
microcirculation of the human placenta remain unknown [4, 6].  

PRE-TERM DELIVERY (PTD) 

This is the most frequent cause of neonatal mortality and one of the main causes of neurological damage, including 
cerebral palsy. The risk of death is increasing not only in the prenatal period but also in the first year of postnatal 
life. Excluding congenital malformations, 75% of perinatal deaths and 50% of neurological damage of infants are 
associated directly to prematurity [168]. In this pathology the uterus exhibits limited forms to express a response to a 
noxa or stimulus: uterine contractions (with the corresponding myometrium modifications) and altered structural 
composition of the cervix (resulting in softening, effacement and dilatation). Around 30% of the PTD are secondary 
to preterm rupture of the membranes (PROM) mainly due to maternal and fetal infectious compromise [169]. 
Biochemical mechanisms have been described involving metalloproteinases (MMPs) and interleukins, and more 
recently it has been proposed an indirect role of the placental endothelium [170,171]. In addition, the existence of 
mechanisms leading to spontaneous rupture of the membranes by unknown causes has been proposed. The period 
between the rupture of membranes and labor, known as the latency period, could lead to increased risk of 
intrauterine infection. These mechanisms are completely unknown in terms of cellular physiology of the 
membranes, as well as cell dysfunction that could act at distance to modulate localized phenomena in the 
membranes. One of the proposed alternatives is that PROM occurs after generation of a weakening area (a ‘weak 
zone’) as a result of changes in the trans- and extra versus intracellular ionic equilibrium. This region, also called 
‘zone of altered morphology (ZAM)’, has been observed in membranes at the cervix after term vaginal deliveries, 
before labor and after preterm birth [172]. In addition, cytokines, prostaglandins and oxidative stress are proposed to 
be involved mechanisms leading to PROM [173,174]. Increased synthesis of ROS is associated with apoptosis 
[175], and cytochrome c release from mitochondria (marker of apoptosis) [173] is apparently largely mediated by 
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ROS action. In addition to this, oxidant stress caused by ROS and/or antioxidant depletion (for example adenosine 
depletion) may damage amnion epithelium causing PROM [176]. It has been reported that antioxidant treatment 
reduces lipopolysaccharide (LPS)-stimulated MMP-9 enzyme activity and glutathione peroxidase, glutathione 
reductase, and SOD activity in amnion and chorion [177]. This phenomenon is associated with reduced antioxidant 
enzyme activity leading to oxidative stress and collagen degradation.  

CONCLUDING REMARKS 

There are diverse evidences that are briefly discussed in this chapter that strongly suggest the relevance of proper 
regulation of oxidative and nitrative stress in gestation to reduce the critical consequences in the development of 
human pregnancy pathologies. Several aspects of pregnancy diseases, including PE, IUGR, diabetes mellitus as well 
as PTD, point out to the general idea that oxidative/nitrative stress are highly interdependent mechanisms which will 
be altered leading to endothelial dysfunction (see Fig. 4). These alterations could be crucial in the ‘programming’ of 
the appearance of diseases in adult life. It is evident the need of a characterization of cellular and molecular 
mechanisms involved in the etiology of these diseases of pregnancy and research focused in the signaling pathways 
that are activated or inhibited in endothelium, vascular smooth muscle cells and syncytiotrophoblast from the 
placenta is required. This has been the main topic of interest in recent scientific world congresses of related 
societies, i.e., the International Federation of Placenta Associations (IFPA) [178], and the Developmental Origins of 
Health and Diseases (DOHaD) Society [179]. The need of this future knowledge addressing some aspects 
particularly associated with oxidative and nitrative stress of the etiology of these syndromes, will be valuable 
information to understand vascular mechanisms supporting current and/or future therapeutic approaches for 
treatment of patients (i.e, the baby and the mother) [6].  
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Diabetes, Developmental Programming and Oxidative Stress 
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Abstract: Incidence of Type 2 diabetes mellitus (T2DM) is increasing worldwide. Diabetes during pregnancy, as 
adverse intrauterine environment, has been shown to induce long term effects and play a crucial role in 
developmental programming in offspring. In utero exposure to increased maternal blood glucose concentrations is 
associated with cardio-vascular alterations, including hypertension and increased risk for obesity and T2DM at 
adulthood. Early programming of later dysfunction and disease in offspring may result from a combination of 
mechanisms acting at organ, tissue, cellular and molecular levels. Impaired glucose-insulin metabolism 
programmed during the critical window of perinatal development may contribute to epigenetic changes in gene 
expression. This disadvantageous intrauterine environment has been recently emphasised by the role of genetic 
pathways and in particular, perinatal disturbance of the oxidative state. This chapter examines the epidemiologic 
and mechanistic issues involved in the developmental programming of long term consequences in offspring of 
diabetic mothers, with a particular focus on oxidative stress. It also emphasises the mechanisms of hypertension, 
obesity and insulin resistance. In that considerable concern and because maternal diabetes may be a contributor to 
the current worldwide epidemic of T2DM, interventions aimed at optimizing maternal blood glucose 
concentrations during pregnancy should significantly impact T2DM epidemiology. 

Keywords: Type 2 diabetes mellitus, maternal blood glucose, early programming, impaired glucose-insulin 
metabolism, critical window of perinatal development, oxidative state, epigenetic changes, intrauterine environment. 

INTRODUCTION 

The incidence of Type 2 diabetes mellitus (T2DM) is increasing worldwide. Cardio-vascular disease and the 
metabolic syndrome are the leading causes of mortality in western society. These reliable evidences are becoming a 
major challenge to global human health [1]. The age of onset of T2DM is falling, now seen in adolescents and even 
in children, probably because of increasing incidence of obesity [2]. Obesity and pregnancy are known factors which 
increase the risk for DM. The incidence of diabetes in pregnancy is as high as 5 to 8% of pregnancies in the US and 
in Europe, and reaches 15-20% in parts of the developing world. The roots of this epidemic are generally considered 
to reside in the aging world population and in environmental factors, including inappropriate nutrition and physical 
inactivity. However, perinatal influences, as adverse intrauterine environment, also play a crucial role.  

Increasing evidence from both epidemiologic and animal studies shows that in utero exposure to maternal diabetes 
is associated with increased risk for obesity and T2DM at adulthood. Moreover, recent data, in particular those from 
the HAPO (Hyperglycemia and Adverse Pregnancy Outcomes) study, demonstrate that high maternal glucose 
concentrations in the absence of DM, adversely influence neonatal outcomes [3]. Furthermore impaired glucose-
insulin metabolism programmed during the critical window of perinatal development may be transmitted to the next 
generation [4], possibly through epigenetic changes in gene expression. The literature recently emphasised the role 
of genetic pathways and in particular, disturbance of oxidative stress. 

1. THE DEVELOPMENTAL ORIGINS OF ADULT HEALTH AND DISEASE (DOHAD)  

Since the Barker’s hypothesis had demonstrated that low birth weight is associated to increased cardio-vascular 
mortality rate, the development of T2DM and the metabolic syndrome, numerous epidemiologic and experimental 
studies have confirmed these associations [5,6]. The adverse effects of low birth weight are worsening if growth is 
marked by accelerated weight gain after the age of two years [7, 8].  
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These conclusions have led to the concept of the developmental “programming” of physiological and metabolic 
alterations which lead to disease in later life. Programming may be defined as the phenomenon whereby a stimulus 
occurring during a critical “window of development”, namely the prenatal and early postnatal periods, can cause 
lifelong changes in the structure and function of the body. Intra-uterine malnutrition and growth restriction, and 
preterm birth are two of the influences that can induce such effects [9]. Both cause low birth weight, and share some 
long term physiologic consequences, including hypertension and T2DM. The thrifty phenotype hypothesis proposes 
that “thrifty” metabolic and physiologic responses to undernutrition in early life allow survival and protect brain 
growth. Such responses occur during a critical prenatal and perinatal window of sensitivity, but the changes in 
structure and function that accompany them persist through life [10]. The thrifty metabolism acquired in utero 
becomes disadvantageous. At any level of overweight or obesity people whose birth weights were towards the lower 
end of the normal range are more likely to develop T2DM and the metabolic syndrome. The thrifty phenotype is one 
manifestation of the general phenomenon of “developmental plasticity”: a single genotype (all the genes acquired at 
conception) is able to produce a range of different phenotypes according to the environmental conditions 
experienced during development [11]. 

Increasing information suggests that altered intra-uterine glucose environment is able to disrupt the development 
trajectory and alter homeostatic regulatory mechanisms on the long term [6]. Exposure to increased glucose 
concentrations and to maternal diabetes during pregnancy, which generally lead to large body size at birth can 
induce long term cardio-vascular and metabolic disease [12]. Thus, there is a U-shaped relation between birth 
weight and T2DM, an observation first made in studies of the Pima Indians in the US. 

2. EPIDEMIOLOGY AND CLINICAL EVIDENCE 

A previous prospective study more than a decade ago revealed that the prevalence of impaired glucose tolerance in 
the offspring of diabetic mothers was 6 fold higher than the prevalence among controls at ages between 10 and 16 
years [7]. Offspring of mothers with pre-gestational or gestational diabetes mellitus (GDM) had also a higher body 
mass index (BMI) than controls and higher arterial blood pressure [7-9]. A higher frequency of impaired glucose 
tolerance in offspring of mothers who had pre-gestational type 1 diabetes mellitus (T1DM) or T2DM or GDM has 
also been recorded [10]. Prospective data from the Framingham Offspring study show that the risk for impaired 
glucose tolerance is higher in offspring of mothers with early onset diabetes, which is consistent with an effect of 
intra-uterine exposure to maternal high glucose concentrations [11]. 

Pima Indians have an exceptionally high prevalence of T2DM. Abundant and reliable information is available from 
glucose tolerance tests which have been performed periodically in Pima women, including during pregnancy. The 
prevalence of T2DM in offspring of Pima women increases up to 6 fold in those with diabetic or pre-diabetic 
mothers, and while during childhood and adolescence, diabetes occurred almost exclusively among the offspring of 
diabetic and pre-diabetic mothers. This shows the importance of intra-uterine exposure to impaired maternal glucose 
metabolism, even within a population that may have increased genetic susceptibility to T2DM [13, 14].  

The prevalence of obesity was higher in offspring exposed in utero to diabetes [15]. Indeed, even in normal birth 
weight offspring from diabetic pregnancies, the risk for obesity during childhood was increased [16]. A study 
performed in newborns has suggested an early alteration of fat metabolism in offspring, due to antenatal exposure to 
even mild increased glucose concentrations [17].  

A systematic review of the long term effects of diabetes in pregnancy concluded that the factors related to the 
development of metabolic syndrome in children included: maternal GDM, maternal glycaemia in the 3rd trimester, 
maternal obesity, neonatal macrosomia, and childhood obesity [18].  

Although environmental factors have been widely incriminated, genetic factors are considered as a possible 
explanation of the association between in utero exposure to high glucose concentrations and long term metabolic 
and cardio-vascular disease. According to this hypothesis, mothers with early onset diabetes or with GDM may have 
a particular genotype that transmits high susceptibility to T2DM to the offspring. The data strongly favour a 
predominant role for the intra-uterine environment. An excess of maternal diabetes has been found in several 
studies, both in patients with T2DM and GDM [19-21]. But most studies were retrospective and relied on the family 
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history of diabetes [22]. In this population, 45% of offspring of mothers who were diabetic during pregnancy had 
diabetes in early adult life compared to 9% of offspring of mothers in whom diabetes began after the index 
pregnancy [23]. The prevalence of diabetes has been compared in siblings born before and after their mother 
developed diabetes. In diabetic offspring, the odds ratio (OR) for being born after vs before the onset of maternal 
diabetes was 3.0, while no difference was noted when comparing siblings born before and after their father 
developed diabetes [24]. 

The incidence of long term metabolic and cardio-vascular alterations in the offspring of diabetic mothers is 
seemingly not dependent on the type of maternal diabetes, whether T1DM or T2DM, or GDM. Therefore, recent 
studies show that GDM may be less disadvantageous than pre-gestational DM. The risks for overweight and obesity 
during childhood or at adulthood seem to follow similar profiles in offspring of T1DM and T2DM mothers [9, 25]. 
The predisposition to impaired glucose tolerance also seems independent on maternal diabetes type, but is related to 
the level of maternal hyperglycaemia [10; 26]. In an attempt to differentiate between the effects of intra-uterine 
exposure to hyperglycaemia and to genetic susceptibility to DM, Clausen et al., [27] recently found that in type 1 
diabetic mother’s offspring, the risk of type 2 diabetes/pre-diabetes was significantly associated with elevated 
maternal blood glucose in late pregnancy. 

However, genetic susceptibility to diabetes may act as a predisposing or aggravating factor in determining the risk of 
later diabetes in the offspring of diabetic parents. An example of a combined role of genetic and intra-uterine 
environmental factors has been found in maturity-onset diabetes of the young -3 (MODY3) patients, whose disease 
is a single-gene disorder affecting hepatocyte nuclear factor-1 gene. Mody-3 is diagnosed earlier in patients whose 
mother developed diabetes before pregnancy, compared to offspring of mothers whose diabetes developed after the 
pregnancy [28]. 

The frequency of short term neonatal adverse outcomes increases gradually with the level of maternal 
hyperglycaemia. The HAPO data suggest that high maternal sugar concentrations lead to adverse neonatal outcomes 
such as macrosomia, low glucose and high insulin levels, whether actual GDM is present or not. Gradually 
increasing adverse short term neonatal outcomes have been found with increasing maternal fasting or stimulated 
glucose concentrations, with no identifiable threshold of glucose concentration [29].  

Maternal hyperglycaemia associated with insulin resistance (more than hyperglycaemia alone) during pregnancy are 
associated with an increased incidence of overweight and specific markers of the metabolic syndrome during 
childhood and adolescence, even though the children’s fasting blood glucose concentrations and 2-hours glucose 
tolerance test were still normal [30, 31]. In Pima Indians, the risk of T2DM in the offspring was associated with the 
2 hour plasma glucose concentration even among mothers with normal glucose tolerance. This suggests that high 
glucose concentrations in utero exert a long term effect in the absence of maternal diabetes [32]. 

3. PATHOPHYSIOLOGY 

3.1. General Mechanisms Involved in DOHAD 

Early developmental programming of adult disease and long-life dysfunction results from a combination of 
mechanisms acting at organ, tissue, cellular and molecular levels. Organs or systems such as kidney or vasculature 
are at risk, as they achieve full quantitative development during late gestation and the perinatal period. 
Environmental factors alter this process by reducing this quantitative, organ-specific endowment, for example the 
number of nephrons in kidney. Such alterations, which may be the price paid for survival, only compromise function 
later in life, when increasing physiologic requirements and over-solicitation of insufficient organ mass start to 
induce organ damage. The role of such mechanisms has been characterized in the developmental programming of 
hypertension [33].  

Glucose crosses the placenta and maternal hyperglycaemia during pregnancy results in increased glucose 
concentrations in the fetus. Concerning the long term effects of in utero exposure to a continuous range of high 
glucose concentrations throughout pregnancy, the hypothesis of a fuel-mediated toxicity (Freinkel’s hypothesis) is 
widely accepted [34]. According to such a concept, the fetus experiences a “tissue culture” environment, composed 
of the metabolic fuels that are delivered from the maternal blood through the placenta. Depending on the various 
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stages of fetal tissue development and organisation, altered fuel environment may lead to “fuel-mediated 
teratogenicity” during the first trimester of pregnancy by a seemingly direct toxic effect of high glucose 
concentrations. In vitro studies on isolated metanephroï have shown that growth of the explants is considerably 
altered by excess glucose concentrations in the culture medium [35]. Later in pregnancy, in particular under the 
influence of inappropriately high glucose concentrations, altered brain cells, and later pancreatic beta-cells, adipose 
and muscle cells, and nephron development may occur, leading to long term consequences throughout life. 

Changes at the molecular level, able to affect durably gene expression, are likely to be involved as a background 
molecular memory in the wider spectrum of developmentally acquired adult disease. Epigenetic mechanisms of 
altered gene expression may well be involved as they allow durable, life-long changes in gene transcription through 
DNA methylation on CpG islets or histones methylation or acetylation, in the absence of any change in the gene 
DNA sequence. Such changes are mitotically transmitted and can be passed to the next generations. Moreover, 
epigenetics are the molecular mechanism of parental imprinting of genes which are involved during early embryonic 
and fetal development, and are keys in silencing DNA sequences according to the pattern of early cellular 
differentiation. Epigenetics may intervene in the evolutionary process in so far as this cannot be exclusively 
explained by natural, genetic selection. Mechanisms such as hypoxia and oxidative stress, especially through the 
pathway of hexosamine biosynthesis, might be involved in diabetes embryopathy, by inducing apoptosis during 
critical phases of organ development [36-39].  

3.2. Focus on Oxidative Stress 

Numerous studies have demonstrated that oxidative stress and chronic inflammation are widely involved in 
atherosclerosis development and progression. Oxidative stress plays also a pivotal role in the pathogenesis of vascular 
disease induced by diabetes [40]. In that concern, pregnancy represents a particular state of oxidative stress. Perinatal 
disturbance of the oxidative state or oxidative/anti-oxidative balance, as in gestational DM or maternal DM, might be 
disadvantageous for foetuses and infants with long-term consequences. Many authors are trying to demonstrate 
existence of a hypothetical bridge between the adverse intrauterine environment in diabetes and programming of the 
offsprings toward DNA damage. It has been speculated a role of a placental mitochondrial dysfunction, which may 
generate excessive numbers of reactive oxygen species (ROS), oxidative modifications and alterations in vascular 
functions, also causative in cardiovascular disease and diabetes in offspring [41]. ROS production by placental 
mitochondria are released into fetal circulation and damage vascular mitochondrial DNA [42]. Through this pathway, 
increased intracellular ROS might be responsible for defective angiogenesis, activate a number of proinflammatory 
processes, and cause long-lasting epigenetic changes [43]. Recent published data have demonstrated an important role 
of fetal oxidative DNA damage, resulting in a senescent phenotype in young adult offspring of a maternal history of 
pre-gestational or gestational diabetes [44]. Increased oxidative stress and oxidative damage to fetal DNA and vascular 
endothelium are implicated in a range of embryopathies, spontaneous abortion and perinatal death. In addition, there is 
a recent evidence of a positive association between oxidative stress, obesity and pre-diabetic state in childhood. The 
mechanisms underlying are unknown, but many hypotheses have been suggested, such as intrauterine chromosomal 
telomere attrition or activation of apoptosis signaling pathway. 

Inflammatory Markers and Oxidative/Anti-Oxidative State 

It has been recently reported that young adults in offspring of pre-gestational DM have a proinflammatory 
phenotype. An inflammatory state in the embryo has been suggested, where proinflammatory cytokines act to 
downregulate the principal anti-oxidative enzymes and systems. In utero programming of endothelial cell 
dysfunction, as a result of chronic exposure to oxidative stress and inflammation, has already been postulated, in 
particular in IUGR models. Young adults in offspring of at risk pregnancies also develop this proinflammatory state. 
Recent studies have demonstrated elevated soluble adhesion molecules concentrations such as sICAM-1, sVCAM-1 
and E-selectin [44, 45]. Increased plasma concentrations of sICAM-1 in population may be an independent marker 
of increased vascular risk, a marker of endothelial dysfunction and a genetic component of systemic inflammation 
[46]. Elevated markers as high sensitivity C-reactive protein, interleukin-6 cord blood concentrations and TNFα 
concentration in embryos are also demonstration of the inflammatory state [47]. Although lipid peroxidation is 
already documented in the placenta in normal pregnancy, the process seems to be exacerbated in pregnancies 
complicated by preeclampsia or diabetes. In those cases, ROS and antioxidant system biomarkers are elevated in 
placental tissue of pregnant women, but also in maternal plasma and umbilical cord blood. Animal studies have 
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found decreased embryonic prostaglandin E2 (PGE2) concentration and decreased COX-2 activity in offspring of 
maternal diabetes [48]. PGE2 and COX-2 may play a role in the developmental perturbations. It has been shown that 
high glucose levels and COX inhibitors cause severe embryonic damage and inversely. ROS excess-related and 
arachidonic acid deficiency-related teratological pathways are linked.  

Long-term exposure to high glucose creates embryonic ROS excess either from increased ROS production or from 
diminished antioxidant defence capacity. ROS excess may be likely to vary with gestational time and nutritional 
status. Deficient antioxidant defence mechanisms have been described in individuals with low birth weight, 
revealing higher generation of ROS. Few data exist regarding oxidative stress in large for gestational age (LGA) 
children. Chiavaroli et al. have demonstrated a positive correlation between oxidant/antioxidant status and body 
mass index (BMI), and in particular with SGA and LGA children [49]. Measures of isoprostanes (PGF-2α), a 
prostaglandin-like compound generated by ROS-derived oxidation of arachidonic acid in cellular membranes 
(marker of lipid peroxidation), revealed a tendency toward higher levels in the LGA group in their study, and also 
independently correlated to insulin resistance. Wentzel et al. have demonstrated in rats that high glucose 
concentration in vivo and diabetes in vitro causes increased concentration of isoprostanes [48]. This indicates an 
embryonic increase in lipid peroxidation rate. Lipid peroxidation may induce developmental disturbance in 
structural lipids of mitochondrial and cellular membranes, and may also induce teratogenic pathways [50]. It has 
been recently found that oxidative stress is already present during the pre-pubertal age in this targeted population 
[49]. Several studies have assessed the relationship between birth weight and oxidative stress in SGA children, but 
children in offspring of gestational diabetes born LGA or AGA have not been studied yet.  

DNA Damage by Telomere Attrition 

Telomeres are tandem repeats of the DNA sequence (6-15 kb) at the end of chromosomes. Necessary for DNA 
replication and chromosomal activity, telomeres shorten at each cell division, at a rate determined by oxidative 
stress and DNA damage, and once shortened to a critical length, cells are triggered into senescence. It has recently 
been shown that telomere length is shorter in T2DM subjects and also in healthy offspring with an increased familial 
risk of coronary artery disease [51]. In offspring of maternal diabetes, increased oxidative stress and oxidative 
damage to feto-placental DNA and vascular endothelium might lead to increased intrauterine telomeric DNA 
damage. Cross et al., have found increased cord blood telomere attrition, directly linked to the degree of oxidative 
DNA damage [47]. In their study, although cord blood telomere length was similar in case of maternal diabetes vs 
control, activity of cord blood mononuclear cell telomerase (a reverse transcriptase involved in the maintenance of 
telomere length) was significantly higher in the T1DM and GDM groups, which suggest an upregulation of 
telomerase activity in utero as a telomere length maintenance response. This result could indicate a response to 
potential or actual telomere damage in utero, a perturbation of cellular senescence “programming” and might be a 
crucial advance in understanding fetal programming as an epigenetic phenomenon. 

Activation of Apoptosis Signalling Pathway 

Maternal diabetes leads to higher frequency of congenital malformations in offspring. It has been suggested that 
oxidative stress, inducing excessive embryonic cell apoptosis, is the primary mechanism of diabetic embryopathy (in 
particular, neural tube defect). Indeed, the state of oxidative stress may directly enhance apoptosis in the embryonic 
and fetal tissue. Although this mechanism is unclear, it has been found recently that maternal diabetes and c-Jun N-
terminal kinase (JNK) 1/2 activation in the embryos and yolk sacs are correlated with embryonic dysmorphogenesis 
[50]. JNK 1/2 is a, stress-activated protein kinases, member of mitogen-activated protein kinases. It specifically 
responds to cell stress signals, including oxidative stress and mediate regulation of apoptosis. ROS are potent 
inducers of JNK activation in many other systems, leading to apoptosis. P66Shc is a mediator of oxidative stress-
induced apoptosis and a downstream effector of JNK activation [52]. So, the JNK-p66Shc pathway mediates 
oxidative stress and induces apoptosis. It may play an important role in diabetic embryopathy. A mouse model has 
shown a dramatic increase of JNK in malformed embryos from diabetic/hyperglycaemic mice. Dramatic increase in 
cleaved caspase 3 was also seen in malformed embryos. Activation of caspases (family of proteases) is the hallmark 
of apoptosis, as critical step. Many investigators have also found that excessive apoptosis occurs in malformed 
embryos and their corresponding yolk sacs under maternal hyperglycaemic conditions. Excessive apoptosis, as 
excessive oxidative injuries, is one of the mechanisms which might underlie the long-term risk of developing 
vascular and metabolic diseases. 
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4. PROGRAMMING OF ADULT DISEASE 

4.1. Hypertension 

The vascular alterations associated with in utero exposure to diabetes have been scarcely described. In Pima Indians, 
the offspring of mothers who suffered diabetes during pregnancy had higher systolic arterial blood pressure at 
adolescence, compared to offspring of mothers who developed T2DM, after the pregnancy [14]. Increased systolic 
and mean arterial blood pressure at ages 10-14 years has been found in the offspring from diabetic pregnancies in 
the Chicago study [9]. Mechanisms of the early programming of elevated blood pressure are complex [53]. Current 
knowledge is largely confined to renal and vascular mechanisms. 

Renal Mechanisms 

In our own laboratory and others, intra-uterine growth restriction, induced in experimental animals by maternal food 
restriction or uterine artery ligation, has been shown to cause glucose intolerance and hypertension in the offspring 
[53]. Nephrogenesis occurs during the second part of gestation and ends before birth in humans, after a definitive 
nephron number endowment has been achieved. Low birth weight due to maternal low protein diet during gestation 
is associated with reduced nephron number, and altered gene expression in the rat placenta and kidney [54, 55]. 

Streptozotocin-induced diabetes in pregnant rodents also reduces nephron number in neonates [35], although 
changes in nephron number have not been found at young adults in one study [56]. Nephron number reduction is 
known to increase single nephron glomerular filtration rate in the remaining nephrons, followed by glomerular 
hypertension, proteinuria, and activation of the renin-angiotensin system. According to Brenner’s hypothesis, this 
leads to a vicious circle of rising blood pressure and further renal damage [57]. 

Interestingly, exposure to transiently high blood glucose concentrations in the mother also leads to reduced nephron 
number in the pups [35]. Apoptosis and increased activity of the intra-renal RAS and of nuclear factor (NF)-kappa B 
signalling pathway seem to be involved, as caspase–3 activity and NF-kappa B p50 and p65 components, as well as 
renal angiotensinogen and renin mRNAs are upregulated in the offspring of diabetic mice [58]. Increased expression 
of IGF-2/mannose-phosphate receptor has also been demonstrated in fetal kidneys after exposure to maternal 
diabetes [59].  

In humans, increased urinary albumin excretion has been found in adult offspring of Pima Indians mothers with 
diabetes, which suggests early glomerular injury, possibly related to a similar mechanism of nephron number 
reduction [60]. 

Vascular Mechanisms 

Examination of the neonatal aorta by ultrasounds as well as post-mortem studies in fetuses and infants suggests that 
perinatal factors such as intrauterine growth restriction, maternal hypercholesterolemia, and macrosomia due to 
maternal diabetes mellitus are associated with alterations that may reflect early atherosclerosis [61]. 

Altered angiogenesis is a key component of the later development of vascular dysfunction and disease, while the 
endothelium plays a major role in the development of the vasculature. The adherent endothelium undergoes a 
continuous renewal from tissue and circulating progenitor cells that originate in the bone marrow. In turn, 
circulating endothelial cells and microparticles are released from the adherent endothelium. Different patterns of 
circulating microparticles have been described in T1DM and T2DM patients [62]. Hyperglycaemia has been shown 
to alter angiogenesis in various experimental models, possibly through decreased proliferation and increased 
apoptosis of endothelial cells, and dysregulation of the angiogenic factor VEGF [63, 64]. Early endothelial 
dysfunction may well pave the way for later hypertension, as reduced vascular density and increased vascular 
resistance are considered to be among the early alterations that lead hypertension.  

The endothelium is involved in triggering elastin synthesis by shear stress. Elastin content in the extra-cellular 
matrix of the arterial media is a major factor of arterial compliance. Elastin accumulates in arteries mostly during 
fetal and early perinatal life: little synthesis occurs during adulthood. Elastin half-life may reach several decades, 
thus insufficient elastin content due to low birth weight or short duration of pregnancy may be an important factor in 
the developmental programming of hypertension [65].  
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Ingram et al. recently showed that endothelial progenitor cells from the offspring of diabetic mothers display altered 
angiogenic functions [66]. Such early endothelial dysfunction consisted of reduced colony formation and self-
renewal capacity, and capillary-like tube formation, due to reduced proliferation and accelerated senescence. 
Interestingly high glucose concentrations in vitro were responsible for similar effects. As seen below, concentrations 
of circulating soluble markers of endothelial function, such as adhesion molecules ICAM-1, VCAM-1 and E-
selectin, have been found to be increased in offspring of type-1 diabetic mothers compared to offspring from non 
diabetic pregnancies [47, 67]. 

Another aspect of endothelial dysfunction is altered endothelium-dependent vasodilatory capacity. The endothelium 
is involved in a number of vasodilatory functions, through its capacity to generate locally acting vasoactive 
mediators such as nitric oxide, which relax adjacent vascular smooth muscle cells. Endothelium-dependent 
vasodilatory function can be assessed by ultrasound measurements of variations in brachial artery diameter during 
post-ischaemic hyperaemia, or it can be measured in vitro using vascular material obtained from animal models of 
gestational diabetes. Endothelium-dependent vasodilatory capacity of the mesenteric artery in response to 
acetylcholine has been shown to be reduced in rat offspring of diabetic mothers, while reactivity to sodium 
nitroprusside was preserved, which suggests that the L-Arginine-nitric oxide pathway is specifically altered [56, 68]. 
Furthermore, resistance arteries in rat offspring of diabetic dams show increased vasoconstrictive responses to 
norepinephrine [55]. 

4.2. Type 2 Diabetes and Obesity 

Both insufficient insulin production and insulin resistance might be the mechanisms underlying the long term 
development of DM and obesity in offspring of hyperglycaemic pregnancies. Although the available information 
resulting from animal models is complex, these models clearly demonstrate that the risk for diabetes at adulthood is 
acquired by in utero exposure to high maternal glucose concentrations [69]. Furthermore, various animal studies 
have shown that T2DM susceptibility can be transmitted to the second and third generations. 

Insufficient Insulin Production 

In Pima Indians, the adult offspring of mothers who developed diabetes before the onset of the index pregnancy 
have decreased insulin response to glucose infusion, even in the absence of impaired glucose tolerance as measured 
by euglycaemic hyperinsulinaemic clamp technique [70]. However, in the adult offspring of type-1 diabetic mothers, 
there is reduced insulin secretion and an increased incidence of impaired glucose tolerance [26]. 

Animal models of moderate hyperglycaemia during gestation, obtained either by streptozotocin administration at 
various stages of gestation or pre-conceptionally, or by infusion of varying amounts of glucose during gestation, 
lead to increased or normal birth weight in the offspring, as a result of transient hyper-insulinism, but in adult life 
insulin production is decreased both in vivo and in vitro, despite a usually normal  cells mass [71-73]. 

Current knowledge on the development of the pancreas in humans suggests that it may be particularly sensitive to an 
altered glucose and amino-acid environment during the second half of pregnancy. Reduced  cells mass has been 
shown in rat fetuses of hyperglycaemic mothers, with reduced expression of IGF-2 [74].  

Hyper-Insulinism and Insulin Resistance 

Contrasting information on the role of insulin resistance in the development of T2DM in the adult offspring of 
diabetic mothers has been reported. High insulin-glucose ratios, at fasting or after glucose challenge, have been 
found in some studies, while other investigations in children and adolescent offspring point at confounding factors 
such as the concurrent development of obesity. Overweight and adiposity are characterized by increased body fat 
mass respect to lean, muscular mass and thus contribute as an independent factor to hyper-insulinism. 

Experimental data showing reduced insulin sensitivity at adulthood in rat offspring of diabetic dams are derived 
principally from studies that involved severe maternal hyperglycaemia. Fetal growth is typically restricted in such 
models, which lead to low birth weight pups. At adulthood the size of the endocrine pancreas and the  cell mass are 
increased, and the in vitro insulin response to glucose is augmented. These studies show nevertheless a reduction of 
insulin action assessed by the euglycemic hyper-insulinemic clamp technique.  
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Hyper-insulinism per se has been suggested to contribute to the early programming of long term impaired glucose 
tolerance. In the offspring of diabetic dams early exposure to excess concentrations of insulin and leptin alters the 
long term orexigenic and anorexigenic neurons function in the arcuate nucleus of the hypothalamus. The regulation 
of appetite is thus mal-programmed in the offspring, with increased immunopositivity of orexigenic neuropeptide Y 
and agouti-related peptide, and decreased positivity of the anorexigenic melanocyte-stimulating hormone, both 
contributing to excess food intake and overweight (the “functional teratogenesis” hypothesis) [75, 76]. Epigenetic 
factors are likely to be involved in such changes in gene expression [75]. 

Excess fetal growth and fetal fat mass characterize offspring of diabetic mothers. Elevation of fetal hormones, 
insulin and leptin, has been found to be associated with maternal GDM. Insulin, whose action leads to increased 
adiposity, and leptin, which is involved in the down-regulation of appetite, is linked through the adipo-insular axis, 
which connects the brain and the pancreas with leptin- and insulin-sensitive peripheral tissues. Elevated insulin 
levels have been shown to be related with the later development of obesity. An interesting hypothesis is thus that 
pregnancy diabetes may lead to an increased secretion of insulin, which is insufficiently balanced by raised leptin 
concentrations, and the development of obesity [77]. 

CONCLUSION 

T2DM and obesity is increasing worldwide, which is highly suggestive of the role of environmental factors such as 
societal changes and increased environmental and nutritional affluence. Genetic factors are unlikely to explain such 
a drastic evolution. Strong arguments support a perpetuating, vicious cycle of developmental programming of 
T2DM and cardio-vascular disease in the offspring of GDM mothers, due to in utero exposure to high glucose 
concentrations. Although the mechanisms are multiple and incompletely understood, they rely on injuries in the 
critical, congenital endowment of specific tissues and organs involved in cardio-vascular physiology and 
metabolism, and on the epigenetic memory of the stimuli, as oxidative stress and damage, that occur during the early 
window of susceptibility.  

Increasing data show that in utero exposure to elevated maternal glucose concentrations affect the offspring, in the 
presence or absence of GDM. Interventions during pregnancy, aimed at a close monitoring of maternal blood 
glucose concentrations are thus likely to have an impact not only on maternal and neonatal health, but also on the 
epidemic of T2DM. Given the current knowledge of the importance of childhood nutrition and weight gain on 
lifelong health, follow-up of neonates and infants born to mothers who had GDM should receive enhanced attention, 
taking into account the early closure of the window of opportunity. Breastfeeding and avoidance of overfeeding in 
early childhood may be key firsts step in this approach. Finally, a better understanding of the cellular and molecular 
mechanisms of the developmental programming of hypertension, T2DM and eventually obesity by in utero exposure 
to diabetes in pregnancy may unveil pharmacological and nutritional targets for early prevention. A wide area for 
future research has opened. 
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