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  Pref ace   

 Prenatal and early postnatal events increase the risk of some diseases in later life 
including diabetes, coronary heart disease and hypertension etc. In 1934, a land-
mark paper, published in the  Lancet , found that death rates from all causes in the 
UK and Sweden decreased with each successive year-of-birth cohort between 1751 
and 1930 [1]. The authors concluded that the health of child is determined by the 
environmental conditions existing during early life (0–15 years), and, the health of 
the adult is largely determined by the physical constitution of child [1]. In 1977, 
Forsdahl discovered a signifi cant positive correlation between infant mortality 
rates and later mortality rates from arteriosclerotic heart disease [2]. Poverty in 
childhood followed by prosperity in later life is a risk factor for arteriosclerotic 
heart disease [2, 3]. 

 Studies in the UK a decade later shifted the focus back to prenatal rather than 
postnatal events. In 1989, Barker et al. examined relationships between post- 
neonatal mortality for the period 1911–1925 and later adult mortality in 1968–1978. 
They found that regional differences in stroke and coronary heart disease mortality 
were predicted by birthweight [4]. Barker subsequently showed that lower birth-
weights, and, weight at 1 year, were associated with an increased risk of death from 
stroke and coronary heart disease in adults [5]. Barker proposed that the roots of 
cardiovascular disease lay in the effects of poverty on the mother, and, undernutrition 
in fetal life and early infancy. Subsequent studies in UK, Europe, USA, and China 
have confi rmed these fi ndings and shown that it is restricted fetal growth rather than 
preterm delivery which carries the risk of later adult diseases [6]. These observations 
have been collectively termed the “Barker hypothesis”. 

 Most human physiological systems and organs begin to develop early in gestation 
but become fully mature only after birth. A relatively long gestation and period of 
postnatal maturation allows for prolonged pre- and postnatal interactions with the 
environment. The primary determinants of fetal growth are genes, the integrity of 
the feto-placental unit, and, the appropriate endocrine environment that is largely 
represented by insulin action, and, the insulin-like growth factor system [7, 8]. 

 Normal fetal growth and development take place in two phases; the embryonal 
and fetal phases: The embryonal phase (1–8 weeks) consists of the proliferation, 
organization, and differentiation of the embryo, whereas the fetal phase (9–38 
weeks) describes the continued growth and functional maturation of different 
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tissues and organs [7, 8]. Embryonic and fetal periods are clearly vulnerable to 
environmental factors, and acquired changes can persist transgenerationally, 
despite the lack of continued exposure. One possible explanation is the epigenetic 
regulation of the human genome where changes in gene expression or cellular 
phenotype result from mechanisms other than changes in the underlying DNA [9]. 
In 2010, Motrenko proposed the “embryo-fetal origin of diseases” theory, where 
proposed abnormal development of gamete and embryo may induce poor health 
after birth [10]. 

 Adaptive responses of a gamete or embryo reacting with adverse factors, e.g. 
culture systems and manipulations in ART, toxins, endocrine disrupting chemicals, 
etc., make it susceptible to permanent damage of organs, congenital abnormality, 
and, development of chronic adult diseases. Passing such changes to offspring may 
result in transgenerational, epigenetic re-programming with transmission of adverse 
traits and characteristics to offspring. 

 This book systematically introduces the growing body of evidence from epide-
miological observations and clinical and experimental, animal studies that support 
the gamete and embryo-fetal origins of the metabolic syndrome.

Hangzhou, People’s Republic of China He-Feng Huang
Hangzhou, People’s Republic of China  Jian-Zhong Sheng 

    References 

  1. Kermack WO, McKendrick AG, McKinlay PL. Death rates in Great Britain and Sweden: some 
general regularities and their signifi cance. Lancet 1934;226:698–703. 

  2. Forsdahl A. Are poor living conditions in childhood and adolescence an important risk factor 
for arteriosclerotic heart disease? Br J Prev Soc Med. 1977;31:91–5. 

  3. Forsdahl A. Living conditions in childhood and subsequent development of risk factors for 
arteriosclerotic heart disease. The cardiovascular survey in Finnmark 1974–75. J Epidemiol 
Community Health 1978;32:34–7. 

  4. Barker DJ, Osmond C, Law CM. The intrauterine and early postnatal origins of cardiovascular 
disease and chronic bronchitis. J Epidemiol Community Health 1989;43:237–40. 

  5. Barker DJ, Winter PD, Osmond C et al. Weight in infancy and death from ischaemic heart 
disease. Lancet 1989;2:577–80. 

  6. Paneth N, Susser M. Early origin of coronary heart disease (the "Barker hypothesis") BMJ 
1995;310:411–2. 

  7. Gluckman PD, Harding JE. Nutritional and hormonal regulation of fetal growth—evolving 
concepts. Acta Paediatr. 1994;399: 60–3. 

  8. Kanaka-Gantenbein Ch, Mastorakos G, Chrousos GP. Endocrine-related causes and conse-
quences of intrauterine growth retardation. Ann NY Acad Sci. 2003;997:150–7. 

  9. Canani RB, Costanzo MD, Leone L, et al. Epigenetic mechanisms elicited by nutrition in early 
life. Nutr Res Rev. 2011;24:198–205. 

 10. Motrenko T. Embryo-fetal origin of diseases – new approach on epigenetic reprogramming. 
Archiv Perinatal Med. 2010;16:11–5.    

Preface



vii

 1 Physiology of Gametogenesis ..................................................................... 1
Ying-Hui Ye, Le-Jun Li, Yue-Zhou Chen, 
He-Feng Huang, and Zhong-Yan Liang

 2 Physiology of Embryonic Development ................................................ 39
Ai-Xia Liu, Xin-Mei Liu, Yan-Ling Zhang, 
He-Feng Huang, and Chen-Ming Xu

 3 Adverse Intrauterine Environment 
and Gamete/Embryo-Fetal Origins of Diseases ................................... 61
Min-Yue Dong, Fang-Fang Wang, Jie-Xue Pan, 
and He-Feng Huang

 4 Gamete/Embryo-Fetal Origins of Diabetes .......................................... 79
He-Feng Huang, Guo-Dian Ding, Shen Tian, and Qiong Luo

 5 Gamete/Embryo-Fetal Origins of Cardiovascular Diseases ............... 95
Jian-Zhong Sheng, Li Zhang, Gu-Feng Xu, and Ying Jiang

 6 Gamete/Embryo-Fetal Origins of Tumours .......................................... 109
Dan Zhang, He-Feng Huang, Feng Zhang, 
Run-Ju Zhang, Yang Song, and Jing-Yi Li

 7 Gamete/Embryo-Fetal Origins of Obesity ............................................ 137
He-Feng Huang, Min Jin, and Xian-Hua Lin

 8 Gamete/Embryo-Fetal Origins of Mental Disorders ........................... 157
Fan Qu, Lu-Ting Chen, Hong-Jie Pan, and He-Feng Huang

 9 Gamete/Embryo-Fetal Origins of Infertility ........................................ 173
Xiao-Ming Zhu, Yu Zhang, Xi-Jing Chen, 
and He-Feng Huang

  Contents



viii

10 Assisted Reproductive Technology 
and Gamete/Embryo-Fetal Origins of Diseases ................................... 197
Yi-Min Zhu, Xiao-Ling Hu, Yan-Ting Wu, 
Chun Feng, and He-Feng Huang

Erratum ........................................................................................................... E1

Index ................................................................................................................. 221 

Contents



ix

  All    Cont ributors                

 Chen, Lu-Ting M.D.,  Pan, Jie-Xue M.D., 
 Chen, Xi-Jing Ph.D.,  Qu, Fan Ph.D., 
 Chen, Yue-Zhou Ph.D.,  Sheng, Jian-Zhong Ph.D., 
 Ding, Guo-Lian Ph.D.,  Song, Yang M.D., 
 Dong, Min-Yue Ph.D.,  Tian, Shen M.D., 
 Feng, Chun Ph.D.,  Wang, Fang-Fang Ph.D., 
 Hu, Xiao-Ling M.D.,  Wu, Yan-Ting Ph.D., 
 Huang, He-Feng M.D.,  Xu, Chen-Ming Ph.D., 
 Jiang, Ying M.D.,  Xu, Gu-Feng Ph.D., 
 Jin, Min Ph.D.,  Ye, Ying-Hui Ph.D., 
 Li, Jing-Yi M.D.,  Zhang, Dan Ph.D., 
 Li, Le-Jun M.D.,  Zhang, Feng Ph.D., 
 Liang, Zhong-Yan Ph.D.  Zhang, Li Ph.D., 
 Lin, Xian-Hua M.D.,  Zhang, Run-Ju Ph.D., 
 Liu, Ai-Xia Ph.D.,  Zhang, Yan-Ling Ph.D., 
 Liu, Xin-Mei Ph.D.,  Zhang, Yu Ph.D., 
 Luo, Qiong Ph.D.,  Zhu, Xiao-Ming Ph.D., 
 Pan, Hong-Jie M.D.,  Zhu, Yi-Min Ph.D., 



1H.-F. Huang, J.-Z. Sheng (eds.), Gamete and Embryo-fetal Origins of Adult Diseases, 
DOI 10.1007/978-94-007-7772-9_1, © Springer Science+Business Media Dordrecht 2014

    Abstract  
  Gametogenesis is a biological process by which diploid or haploid precursor 
cells undergo cell division and differentiation to form mature haploid gametes. 
The biology of gamete production is different between males and females. 
In human, gametogenesis is the development of diploid germ cells into either 
haploid sperm (spermatogenesis) or eggs (oogenesis). Gamete production in 
females is intimately part of the endocrine responsibility of the ovary. If there are 
no gametes, then hormone production is drastically curtailed. Depletion of 
oocytes implies depletion of the major hormones of the ovary. In the male this is 
not the case. Androgen production will proceed normally without a single 
spermatozoon in the testes. This chapter reviews some of the basic structural 
morphology and physiology of the testes and the ovaries.  

1.1         Spermatogenesis 

 The male reproductive tract in human consists of testes, epididymides, ductus 
deferentes, accessory sex glands, and penis. The differentiation of testes takes 
place from indifferent gonads after expression of the sex-determining region Y gene 
(SRY) on the short arm of the Y chromosome. The fetal Leydig cells then secrete 
androgens that induce differentiation of the mesonephric (or wolffi an) duct to form 
the epididymis, ductus deferens, and, accessory sex glands, as well as the indifferent 
external genitalia into a penis and a scrotum. There are two components to the testis; 

        Y.-H.   Ye       (*) •     L.-J.   Li     •     Y.-Z.   Chen     •     H.-F.   Huang     •     Z.-Y.   Liang    
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the interstitial (intertubular) component and the seminiferous tubule. The interstitial 
component is well vascularized and contains Leydig cells clustered around the 
vessels. The seminiferous tubules contain epithelium consisting of germ cells which 
form numerous concentric layers penetrated by a single type of somatic cells fi rst 
identifi ed by Enrico Sertoli in 1865 [ 1 ]. The cytoplasm of Sertoli cells extends 
around germ cells to provide nutrition and support while the germ cells undergo 
progressive differentiation and development into mature spermatozoa. 

 Spermatogenesis is a dynamic process in which stem spermatogonia become 
mature spermatozoa throughout the reproductive lifetime of the individual [ 2 ,  3 ]. 
By the process of mitosis, stem spermatogonia produce two types of cells, additional 
stem cells and differentiating spermatogonia. The differentiating spermatogonia then 
undergo rapid, successive mitotic divisions to form primary spermatocytes, which 
are then followed by a lengthy meiotic phase as preleptotene spermatocytes proceed 
through two cell divisions (meiosis I and II) to give rise to haploid spermatids. 
These, in turn, produce mature spermatozoa which undergo a complex process of 
morphological and functional differentiation. To study such complex and lengthy 
processes, spermatogenesis has been organized into different “stages” and “phases” 
that include mitosis, meiosis and spermiogenesis. 

1.1.1     Spermatogonia and Mitosis 

 Spermatogenesis can be divided into three phases, each of which involves a class of 
germ cells [ 2 – 4 ]. The initial phase, spermatocytogenesis, is the proliferative or sper-
matogonial phase during which stem spermatogonia undergo mitosis and produce 
two types of cells; additional stem cells and differentiating spermatogonia. In rat, 
there are three types of spermatogonia; stem cell spermatogonia (Ais or A isolated), 
proliferative spermatogonia (Apr or A paired and Aal or A aligned), and differentiated 
spermatogonia (Al, A2, A3, A4 and B). The stem cells, Ais, divide sporadically to 
replicate themselves and to produce pairs of Apr spermatogonia, which engage 
in a series of synchronous divisions, resulting in the formation of chains of Aal 
spermatogonia. The Aal spermatogonia differentiate into A1 spermatogonia which 
divide to give rise to more differentiated (A2, A3, A4, and B) cells. In man, three 
different types of spermatogonia [the dark type A (Ad), pale type A (Ap) and B 
type] have been identifi ed [ 5 ]. The Ap cells have the capacity to give rise to new Ap 
cells as well as to more differentiated B spermatogonia, and, that are the renewing 
stem cells. The Ad spermatogonia are reserve stem cells which rarely divide under 
normal circumstances. The precise mechanisms of differentiation, and, renewing 
their own population of stem spermatogonia remain unknown.  

1.1.2     Meiosis 

 The meiotic, or spermatocyte, phase deals with the formation of haploid spermatids 
and divides into fi ve sequential stages including leptotene, zygotene, pachytene, 
diplotene, and diakinesis. DNA synthesis is involved in each of these fi ve stages of 
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the primary spermatocytes (preleptotene), and, RNA synthesis in the diplotene 
stage. Elaborate morphological changes occur in the chromosomes as they pair 
(synapse) and then begin to unpair (desynapse) during the fi rst meiotic prophase. 
Some of the changes during this stage include: (1) initiation of intimate chromosome 
synapsis at zygotene stage, when the synaptonemal complex begins to develop 
between the two sets of sister chromatids in each bivalent; (2) completion of synapsis 
with fully formed synaptonemal complex and crossing over at pachytene stage; 
(3) dissipation of the synaptonemal complex and desynapsing at the diplotene stage. 
Following the long meiotic prophase, the primary spermatocytes rapidly complete 
their fi rst meiotic division, resulting in formation of two secondary spermatocytes, 
each contains 22 duplicated autosomal chromosomes and either a duplicated X or a 
duplicated Y chromosome. These cells, after a short interphase with no DNA 
synthesis, undergo a second maturation division to produce four spermatids, each of 
them has a haploid number of single chromosomes.  

1.1.3     Spermiogenesis 

 The spermiogenic phase, also known as spermiogenesis, involves morphological 
and functional differentiation of newly formed spermatids into mature spermatozoa. 
During this phase, the spherical, haploid spermatids transform into elongated, highly 
condensed, mature spermatozoa, which are released into the lumen of seminiferous 
tubules. The differentiation of spermatids passes through four phases including 
Golgi, cap, acrosomal, and maturation phases. 

 Golgi apparatus is important during the early steps of spermiogenesis [ 1 ,  6 ,  7 ]. 
The Golgi apparatus creates vesicles and granules containing enzymes that will 
become the acrosome. During the capping phase, the acrosome covers the developing 
sperm nucleus. The acrosomic granule touches the nuclear envelope and the vesicle 
begins to fl atten into a small cap over the nuclear surface. Then, the acrosomic 
vesicle becomes very thin and the granule fl attens. Finally, the acrosome fl attens 
over approximately one third of the nuclear surface. The acrosomal phase involves 
migration of the acrosomal system over the ventral surface of the elongating 
spermatid nucleus. Maturation shows fewer changes in nuclear shape and acrosomal 
migration. The nucleus continues to condense and the acrosome matures into a thin 
periodic Acid-Schiff stain positive (PAS+) structure that protrudes at the apex but 
covers nearly all the nucleus, except for that portion connected to the tail [ 1 ]. After 
the formation of prominent cytoplasmic lobes and residual bodies, the excess 
cytoplasm, which contains unused mitochondria, ribosomes, lipids, vesicles and 
other cytoplasmic components, is removed [ 1 ,  8 ,  9 ].  

1.1.4     Sperm Production 

 Spermatogenesis has the greatest number of cell divisions compared to other 
self- renewing cells in the body. Both the kinetics and rate of germ cell loss affect 
sperm production. The total duration of spermatogenesis based on 4.5 spermatogenic 
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cycles ranges from approximately 30–78 days in mammals [ 1 ,  10 – 12 ], and is under the 
control of the germ cell genotype [ 13 ]. Similar results were found utilizing porcine and 
ovine testis xenografts [ 14 ]. However, temperature and some drugs may infl uence 
the duration of spermatogenesis [ 15 – 17 ], probably by altering the cell cycle [ 18 ,  19 ]. 
In humans, the entire spermatogenic process lasts more than 70 days. Germ cell 
loss (apoptosis) also occurs during spermatogenesis [ 20 ], playing a critical role in 
determining total sperm output. However, the greatest infl uence on germ cell production 
is the capacity for mitosis. Signifi cant germ cell apoptosis occurs during the sper-
matogonial phase, called “density-dependent regulation”, primarily during mitotic 
divisions of spermatogonia. Apoptosis is also frequent during meiosis, especially 
in humans, and is probably related to chromosomal damage. However, missing 
generations of spermatocytes and spermatids in the seminiferous epithelium, plus 
apoptosis, contribute to the low effi ciency of human spermatogenesis [ 20 ,  21 ].  

1.1.5     Regulation of Spermatogenesis 

 Androgen production and spermatogenesis are two key functions of the testis that rely 
on regulation by pituitary gonadotrophins; luteinizing hormone (LH) and follicle- 
stimulating hormone (FSH). Other hormones contribute to testicular regulation, and 
there is a plethora of paracrine and autocrine regulatory effects between, and within, 
different testicular cell compartments. The hypothalamic-pituitary- testicular (HPT) 
axis plays a key role in the regulation of spermatogenesis (Fig.  1.1 ) [ 2 ,  22 – 26 ].

  Fig. 1.1    The hypothalamic-pituitary-testicular axis       
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   The HPT axis is a classical example of an endocrine regulatory circuit, with 
cascades of positive and negative regulatory events at multiple functional levels. 
The highest level is at the hypothalamus, where the cells of specifi c nuclei synthesize 
the decapeptide gonadotropin-releasing hormone (GnRH), giving the positive 
stimulus for gonadotrophin secretion from the anterior pituitary. The same GnRH 
peptide is responsible for the release of both gonadotrophins, although evidence 
for a separate FSH-releasing hypothalamic principle also exists [ 27 ]. The axon 
terminals of GnRH neurons make contact with hypophyseal portal vessels, which 
transport the releasing hormone, secreted in pulses of 1–2 h intervals, to the anterior 
pituitary gland [ 28 ]. 

 In pituitary gonadotroph cells, GnRH stimulates the synthesis and release of 
LH and FSH. The secretory peaks are more distinct with LH, due to its shorter 
circulatory half-life compared to FSH [ 29 ]. Targets of LH action in the testis are 
interstitial Leydig cells, whereas FSH regulates Sertoli cells in seminiferous tubuli. 
LH stimulates steroidogenesis in mature Leydig cells, and is responsible for the sup-
ply of testosterone for the maintenance of spermatogenesis, and, for extragonadal 
androgen effects. FSH maintains the functional capacity of Sertoli cells in the 
support of spermatogenesis. It is well established that LH stimulates testicular 
steroidogenesis and maintains the high intratesticular steroid concentration that is 
necessary for spermatogenesis [ 30 ]. In contrast, it is not known how exactly high 
levels of intratesticular testosterone regulate this process. Androgen receptors are 
present in Leydig cells, peritubular myoid cells and Sertoli cells, but apparently not 
in spermatogenic cells [ 2 ]. 

 The Sertoli cells are the only target of FSH action in the testis. The FSH stimulates 
the proliferation of Sertoli cells in the prenatal and prepubertal periods [ 31 ]. Sertoli 
cells become differentiated at puberty, and rarely differentiate thereafter. Thus, FSH 
determines the spermatogenic capacity before the onset of puberty. Both testicular 
steroid and peptide hormones regulate FSH secretion. Inhibin and activin originate 
in Sertoli cells, and, are the main regulators of FSH secretion at the pituitary level. 
Inhibin is a heterodimer of an α subunit and a PA (inhibin A) or PB (inhibin B) 
subunit, which inhibits both the synthesis and secretion of FSH. Activin is a 
homodimer of two P subunits which stimulate FSH. Follistatin, also inhibits FSH 
by binding and inactivating activin. Androgens and estrogens inhibit FSH action by 
affecting the functions of hypothalamus. Inhibin B is the product of Sertoli cells and 
is also important in feedback regulation [ 32 ]. 

 The HPT axis plays a role in the negative feedback link between gonadal steroid 
and peptide hormones [ 33 ]. In the male, testosterone mainly controls GnRH secretion, 
by suppressing GnRH secretion at the hypothalamic level, and, gonadotropin syn-
thesis in the pituitary gland. Testicular steroids also have effects on FSH through the 
two Sertoli cell proteins, activin and inhibin. 

 Some part of the steroid feedback is directed to inhibition of gonadotropin 
synthesis at the pituitary level [ 34 ] by both androgenic and oestrogenic components. 
This feedback occurs mainly at the hypothalamic or pituitary level. Steroids affect 
GnRH neurons indirectly, and, are mediated by inhibitory inputs from neighboring 
neurons.  

1 Physiology of Gametogenesis
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1.1.6     Sertoli Cell 

 The Sertoli cell also plays an important role in spermatogenesis through (1) support 
and nutrition of the active germ cells; (2) compartmentalization of the seminiferous 
tubule by tight junctions; (3) controlled release of mature spermatids into the 
tubular lumen; (4) secretion of fl uid, proteins and several growth factors; (5) phago-
cytosis of degenerating germ cells and phagocytosis of excess cytoplasm [ 34 ]; 
(6) mediation of the actions of FSH- and LH-stimulated testosterone production in 
the testis [ 2 ]. Some investigations of the Sertoli cell-specifi c, knockout of androgen 
receptor (SCARKO) found that spermatogenesis rarely advanced beyond diplotene 
spermatocytes [ 35 ]. Thus, at least in mouse, androgens are crucial for late meiosis 
and spermiogenesis.  

1.1.7     Sperm Maturation in the Human Epididymis 

1.1.7.1     Sperm Transit 
 Based on thymidine labelling of spermatozoa [ 36 ], sperm migrate through the 
human epididymis in 1–21 days. Measurements of extragonadal sperm reserves 
suggest shorter values of 3–4 days [ 37 ,  38 ]. Faster transit (up to 2 days) may occur 
in men with large, daily sperm production [ 38 ]. However, such rapid transit may 
result from poor production of spermatozoa, because human epididymal fl uid is not 
viscous [ 39 ]. Interestingly, rapid sperm transit associated with large testicular size 
and high sperm production also occurs in the chimpanzee [ 40 ].  

1.1.7.2     Sperm Heads and Tails 
 Morphological analysis of human epididymal sperm following air-drying of smears 
results in artefactual swelling of the heads of sperm from the caput region, but 
not those from the caudal epididymidis [ 41 ,  42 ]. These changes demonstrate matu-
rational changes that affect primate spermatozoa [ 43 ]. Thus, some spermatozoa 
with ‘acorn-shaped’ heads in human semen indicate the appearance of immature 
spermatozoa, because of abnormal epididymal function [ 44 ]. The percentage of 
spermatozoa with normal heads still increases with maturation, not as a result of 
removal of abnormal cells by epididymal epithelium [ 45 ,  46 ], but by processes 
of maturation. During transit through the epididymis the sperm increase intra-
molecular disulphide bonding [ 47 ] to withstand the stresses associated with air drying. 
The dimensions of heads of non-swollen sperm also change with maturation. This 
dehydration caused by high, intraluminal, osmotic pressures results in cell shrinkage, 
however, little is known about this in man. The osmotic pressure for fl uid obtained 
from the human vas deferens is 342 mmol/kg [ 48 ], while the osmolality of fl uid 
entering the human epididymis is 280 mmol/kg. An increase in compactness of 
nuclear contents may also explain the decrease in head size. The abnormal morphology 
of sperm tails is related to human epididymal dysfunction [ 49 ], however, the mecha-
nisms are still unclear. 

Y.-H. Ye et al.
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   Cytoplasmic Droplets 
 There is difference between the cytoplasmic droplets of morphologically normal 
cells and excess residual cytoplasm of abnormal cells [ 50 ]. The air-drying proce-
dure of seminal smears routinely is used for the morphological analysis of human 
spermatozoa. However, this has been changed based on the insuffi ciency for the 
preservation of normal cytoplasmic droplets on the majority of spermatozoa in 
fi xed preparations [ 50 ]. A neck droplet on human epididymal spermatozoon was 
shown on the electron micrographs and well fi xed seminal preparations display 
the same [ 51 ]. Spermatozoa leaving the human testis present in fl uid collected 
from epididymal spermatocoeles of accumulations of testicular fl uid mainly [ 52 ], 
also shows droplets at the neck. The failure of droplet migration along the midpiece 
in man may indicate a heat stress, since spermatozoa from an inguinal testis and 
epididymis display neck droplets after exposure of abdominal temperature of 
cryptorchidism [ 53 ]. The failure of migration could results on the low sperm 
concentration within the epididymal lumen, which reduces the shear forces 
incumbent upon more highly packed spermatozoa, since the migration of the 
droplet along the midpiece can be induced by centrifugation of porcine and cap-
rine testicular spermatozoa [ 54 ,  55 ].   

1.1.7.3     Motility 
 Spermatozoa are kept immotile, not by the viscosity of the fl uid in the human 
epididymis [ 39 ] but possibly because of low pH [ 56 ]. They are activated to become 
motile after release into the female genital tract or physiological fl uids. Sperm 
obtained from epididymal spermatocoeles and caput epididymidis are weakly 
motile [ 52 ,  57 ]. Examination of the duration and intensity of motility in vitro of 
sperm retrieved from epididymides obtained from 21 to 44 year-old men within 
1–5 h of death demonstrated that the duration was far higher for sperm from the 
cauda (18.7 h) than those from the caput (4.6 h) or testis (2.1 h) [ 58 ]. The percentage 
of motile sperm increases as sperm pass through the epididymis. However, in 
old men, a decrease in motility was observed when recovered from the cauda, 
which may be associated with reduced ejaculation and sperm storage. Sperm 
obtained from the testis and caput are only motile in men with ductal occlusion 
[ 59 ] while sperm retrieved by testicular biopsy become motile after incubation 
in vitro [ 60 ], suggesting that the initiation of motility may be time-dependent 
rather than a result of epididymal secretions. The epididymal region where sperm 
motility normally develops is shifted proximally after vasectomy [ 61 ] or ductal 
occlusion [ 62 ].  

1.1.7.4     Sperm Numbers 
 The small storage capacity of the human epididymis of about 3 days worth of 
testicular production is demonstrated by the small size of the cauda region [ 63 ,  64 ], and, 
the rapidity with which sperm reserves can diminish after multiple ejaculation [ 65 ]. 
After epididymal emptying by providing three ejaculates within 4 h, sperm numbers 
in the fi rst of three subsequent ejaculates is increased from 50 millions after 1 day 
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abstinence to over 300 millions after 10 days and beyond this time ejaculated sperm 
numbers remain constant as the epididymis is fi lled and sperm begin to enter the 
urine [ 66 ].  

1.1.7.5     Sperm Protection 
 Mammals have both adaptive (acquired) immunity, and innate (natural) immunity. 
Mechanisms of innate immunity include the generation of disinfectants (H 2 O 2 , NO), 
large antimicrobial proteins (lysozyme, cathepsins, lactoferrin, phospholipase A2) 
and small antimicrobial peptides (cathelicidins e.g. glycodelins, and, defensins) 
[ 67 – 69 ]. A wide range of defensins have been identifi ed in human epididymis. 
As defensins are more active in the low ionic strength of epididymal fl uid, they are 
situated to prevent the migration of invading micro-organisms into the male tract. 
A variety of anti-oxidant enzymes are present in human seminal plasma but most 
are not of epididymal origin [ 70 ], although some anti-oxidant activity does originate 
there [ 71 ].   

1.1.8     Epigenetic Patterns in Male Germ Cells 

 Epigenetics refers to non-sequence based mechanisms that control gene expression. 
The paternal epigenome plays an important role in the developing embryo which 
is not limited to nucleosome retention data. To date three main mechanisms, DNA 
methylation, histone modifi cations and RNA-associated silencing, have been 
associated with epigenetic silencing of gene expression [ 72 ]. The sperm epigenetic 
program is unique, and, tailored to meet the needs of this highly specialized cell. 
Chromatin changes in sperm contribute to virtually every function that the male 
gamete must perform throughout spermatogenesis and in the mature cell [ 73 ]. But 
the requisite replacement of canonical histones with sperm-specifi c protamine 
proteins has called into question the utility of the paternal epigenome in embryonic 
development [ 74 ]. The protamination of sperm chromatin provides the compac-
tion necessary for safe delivery to the oocyte, but removes histones which are 
capable of eliciting gene activation or silencing via tail modifi cations (methylation, 
acetylation, etc.) [ 75 ]. In effect, protamination removes a potentially informative 
epigenetic layer from the paternal chromatin, leading to the previously held 
belief that sperm are incompetent to drive epigenetic changes in the embryo and 
suggesting that their utility is found only in the delivery of an undamaged DNA 
blueprint. In fertile patients, histone retention is found at the promoters of genes 
important in the embryo including developmental gene promoters, microRNA 
clusters, and imprinted loci, suggesting that the nucleosome retention is program-
matic in nature [ 76 ]. 

1.1.8.1     DNA Methylation 
 DNA methylation, one of the best-characterized DNA modifi cations associated 
with the modulation of gene activity is a common regulatory mark found on the 5 
carbon of cytosine residues (5-mC) at cytosine–phosphate–guanine dinucleotides 
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(CpGs), which exert strong epigenetic regulation in many cell types [ 77 ]. During 
gametogenesis, non-imprinted genes acquire their methylation similarly to imprinted 
genes, however, after fertilization both the maternal and paternal genomes become 
demethylated while imprinted genes retain their methylation status [ 78 ]. Some 
repeat sequences appear to escape demethylation completely during gametogenesis, 
and, retain a high proportion of their initial methylation marking during preimplan-
tation development [ 79 ]. Founding cells of the germ line, the primordial germ cells 
(PGCs), are thought to carry full complements of parental methylation profi les 
when they begin migrating towards the genital ridge [ 80 ]. Upon entry into the genital 
ridge, around 10.5 days of gestation, they undergo extensive genome-wide 
demethylation [ 81 ]. Early studies employing methylation-sensitive, restriction 
enzymes, Southern blot and PCR approaches indicated that PGCs have completely 
demethylated genomes by 13.5 days of gestation [ 82 – 84 ]. A number of imprinted 
genes, including Peg3, Kcnq1ot1 (also known as Lit1), Snrpn, H19, Rasgrf1 and 
Gtl2, as well as non-imprinted genes such as α-actin, become demethylated between 
10.5 and 13.5 days of gestation [ 85 ]. However, certain sequences (at least some 
repetitive elements) appear to be treated differently: IAP, LINE-1 and minor satellite 
sequences are only subject to partial demethylation, whereas most imprinted 
and single-copy genes become demethylated [ 86 ,  87 ]. Rapid, and possibly active, 
genome-wide erasure of methylation patterns takes place between 10.5 and 12.5 days 
of gestation, leaving PGCs of both sexes in an equivalent epigenetic state by 
embryonic day 13.5 [ 88 ,  89 ]. Following demethylation in PGCs, male and female 
gametes acquire sex- and sequence-specifi c genomic methylation patterns. For 
nonimprinted genes and repeat sequences, DNA methylation can be assessed 
directly. For imprinted genes, determination of DNA methylation status and 
assessment of mono- or biallelic expression of the genes of interest in the resulting 
embryos, are necessary. A second genome-wide demethylation occurs in the early 
embryo. Marks established on imprinted genes and some repeat sequences must 
be faithfully maintained during preimplantation development at a time when the 
methylation of non- imprinted sequences is lost (Fig.  1.2 ).

   In humans, abnormalities of DNA methylation have been linked to infertility, 
imprinting disorders in children, and, cancer. Recent studies have suggested that 
assisted reproductive technologies (ARTs) may be associated with an increased 
incidence of epigenetic defects in children, and, it is unclear whether the etiology is 
related to infertility with an underlying epigenetic cause, or, the specifi c experimental 
techniques.  

1.1.8.2     Retained Histones 
 Protamination creates a highly condensed nuclear structure that helps to enable 
proper motility and protects DNA from damage. Although incorporation of this 
unique, sperm-specifi c protein results in a quiescent chromatin structure, some 
regions retain histones and their associated modifi cations. Recent studies have 
found this nucleosome retention to be programmatic, and not a result of random 
distribution [ 76 ]. In theory, this selective retention in sperm may allow for targeted 
gene activation or silencing in the embryo. Multiple histone variants found in 
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sperm play an essential role throughout spermatogenesis as well as in the mature 
spermatozoa. Among these, important nuclear proteins are histone 2A and B 
(H2A and H2B), histone 3 (H3), histone 4 (H4), and the testes variant (tH2B) [ 90 ]. 
Recent studies implicate aberrant histone methylation and/or acetylation in 
the mature sperm in various forms of infertility. Loss-of-function mutation of 
JmjC-domain- containing-histone demethylase 2A (JHDM2A), an enzyme with 
known H3K9 demethylase activity, reveal decreased transcription of transition 
protein 1 and P1 during spermatogenesis [ 91 ]. Additional studies demonstrate that 
varying degrees of infertility, including sterility, are correlated with perturbations in 
histone methylation.   

1.1.9     Spermatozoal RNA Transcripts 

 As a terminally differentiated cell, the ejaculated spermatozoon is exquisitely 
specialized for delivering the paternal genome to the egg. The presence of RNA 
in the sperm nucleus is paradoxical if one assumes that it serves no function [ 92 ]. 
The selective retention of mRNAs and siRNAs when most cytoplasmic RNA is lost to 
the residual body (normally destroyed during sperm preparation) during remodeling 
argues against passive trapping as does the evidence that sperm RNA can support 

  Fig. 1.2    Genes and their imprinting       
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protein synthesis de novo during capacitation [ 92 ]. Based on a heterologous model 
system, we know that the spermatozoon delivers its RNA cargo to the oocyte [ 93 ]. 
One study showed that a c-Kit-derived heritable effect on hair color in the mouse 
was strongly infl uenced by the presence of aberrant levels of ‘scrambled’, noncoding 
c-Kit RNA transferred by the spermatozoa of the affected individual [ 94 ]. The concept 
of active, RNA-dependent translation in capacitating sperm is supported by reports 
showing that specifi c sperm RNAs are ‘consumed’ during manual processing that 
supports capacitation of normal viable sperm in vitro [ 95 ]. An effect of sperm RNA 
on non-Mendelian inheritance of coat color in mice has also been reported [ 94 ]. 
The mechanism appeared to be through an RNA-mediated epigenetic and heritable 
paramutation effect. 

 RNA transcripts co-localize with nucleosome-bound chromatin near the nuclear 
envelope in the mature sperm, as is the case with the insulin-like growth factor 2 
(IGF2) locus [ 96 ]. Spermatozoal RNA transcripts are capable of inhibiting the 
protamination process and maintaining a histone-bound chromatin structure.   

1.2     Oogenesis 

 Oogenesis is a complex and highly orchestrated sequence of differentiation from 
germ cells to mature oocyte. Human oogenesis is characterized by germ cell migra-
tion, differentiation and proliferation during the embryonic period, initiation of 
meiosis and follicle formation during the fetal period, and oocyte growth and 
maturation in the adult [ 97 ]. To accomplish its role as an oocyte, a PGC must erase 
the epigenetic program obtained in early embryogenesis and re-establish parental 
imprints during oogenesis [ 98 ]. Erasure and re-establishment of imprinted genes 
without the alteration of DNA sequence, is termed epigenetic reprogramming. 
Here, we briefl y summarize the development of the oocyte and its epigenetic 
reprogramming during this process. 

1.2.1     Primordial Germ Cells (PGCs) 

1.2.1.1     Origin of PGCs 
 Mammalian development derives from fusion of a highly specialized oocyte with a 
sperm. The totipotent zygote replicates haploid parental genomes and begins to 
undergo cleavage divisions. At embryonic day (E) 3.5, the blastocysts include 
two cell types, the trophectoderm (TE) cells and the inner cell mass (ICM) cells. 
The trophectoderm can be classifi ed into the polar TE (pTE), which contacts and 
covers the ICM, and the mural TE (mTE), which delineates the blastocoele 
cavity [ 99 ]. The ICM is the pluripotent cell population and is destined to become the 
embryo proper, including germ cells. With further development, the primitive endo-
derm (PE) differentiates from the ICM, located on the inner surface of the ICM at 
E4.5. The PE layer grows to cover the mTE and becomes the parietal endoderm. 
The undifferentiated cells in the ICM maintain pluripotency and become the 
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primitive ectoderm. During the process of implantation, pTE will grow into a thick 
column of extraembryonic ectoderm. The primitive ectoderm cells eventually will 
give rise to a cup-liked epithelial sheet, called the epiblast [ 99 ]. All the somatic cells 
including the germ cells derive from these epiblast cells. Although the exact time 
and place of origin of PGCs in human is unknown, mouse germ cell lineage recruits 
from pluripotent epiblast cells in response to extraembryonic signals at E6.25 [ 100 ]. 
PGCs in both males and females can be fi rst identifi ed within the wall of the human 
yolk sac, an extraembryonic membrane, during the 4th week of gestation [ 101 ].  

1.2.1.2     PGC Migration 
 PGC migration is a process shared among many species during germ cell development. 
PGCs migrate from their extragonadal origin to the developing gonad (genital 
ridge), where they interact with gonadal somatic cells that will support germ cells 
development and maturation into functional gametes [ 97 ]. Between 4th and 6th 
weeks, PGCs migrate by amoeboid movement from the yolk sac to the wall of the 
gut tube, and then via the mesentery of the gut to the dorsal body wall. In the dorsal 
body wall, these cells come to rest on either side of the midline in the loose 
mesenchymal tissue just deep to the membranous lining of the coelomic cavity. 
Most of the PGCs populate the region of the body wall at the level that will form the 
gonads [ 101 ]. 

 A series of proteins facilitate PGC migration. SDF1 is expressed along the 
migratory route of the hindgut and genital ridge, providing a guidance signal for 
PGC migration by binding to CXCR-4 receptor expressed on PGCs [ 97 ,  102 ]. PGCs 
also express β1/2 integrin that can interact with extracellular matrix along their 
journey [ 103 ]. Furthermore, the interactions themselves are important for PGC 
migration and clonization. PGCs express the CX43 gap-junction protein during 
migration, and PGCs up-regulate E-cadherin on leaving the gut and colonizing the 
genital ridge. E-cadherin mediated, cell-cell adhesion may also support PGC migra-
tion arrest in the developing gonad [ 104 ,  105 ]. 

 During PGC migration there is a reduction in genome-wide, DNA methylation. 
The process includes loss of methylation marks that control somatic gene expression 
and also removes DNA methylation imprints from imprinted gene loci [ 106 ]. 
Several imprinted genes exhibit earlier demethylation; for example,  Igf2r  begins 
demethylation in some PGCs before colonization of the genital ridge [ 107 ]. 
The genome-wide DNA methylation level declines at around E8.0 in the mouse 
[ 108 ]. The DNA methyltransferases (Dnmts) are responsible for the methylation 
of DNA. Dnmt1 methylates hemimethylated CpG di-nucleotides in the genome, 
and, is the key maintenance methyltransferase during cell division. Dnmt3 are 
res ponsible for de novo methylation by targeting the unmethylated CpG site [ 109 ]. 
Dnmt3 are actively repressed in PGCs at E6.75 to E7.5, suggesting that the loss of 
Dnmts activities may contribute to genome-wide DNA demethylation in PGCs [ 108 , 
 110 ]. From around E7.75 onwards, PGCs undergo genome-wide demethylation 
of H3K9me2 [ 108 ]. All PGCs at E8.75 show low H3K9me2 levels. Levels of 
H3K9me2 halve their original levels during this period [ 108 ]. Following the 
genome-wide loss of DNA methylation and H3K9me2, genomic-wide H3K27me3 
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becomes upregulated during PGC migration from around E8.25 onwards [ 111 ]. 
Upregulation of genomic-wide H3K27me3, however, may not depend on de novo 
transcription of some specifi c factors. The crosstalk between H3K27 methylation 
and H3K9 methylation may contribute to this process. And the hypomethylation of 
H3K9me2 in migrating PGCs may be sensed and rescued by the methylation of 
H3K27me3 [ 112 ]. 

 Taken together, DNA methylation and H3K9me2 play critical roles in the stable 
maintenance of the repressed state of unused genes during cell fate specifi cation. 
H3K27me3 may be a more plastic repression of the lineage-specifi c genes in 
pluripotent cells [ 99 ]. Upregulation of H3K27me3 in PGCs may contribute to the 
creation of an ES cell-like genome organization. Indeed, it is possible to derive 
pluripotent mice stem cells from PGCs from E8.5 to E12.5 [ 113 ].  

1.2.1.3     PGC Proliferation 
 Classically, once PGCs reach approximately 40 in number in the mouse, they 
proliferate constantly with a doubling time of about 16 h [ 114 ]. PGCs continue 
to multiply by mitosis during the migration. However, it has been shown that 
PGCs do not increase their number constantly [ 111 ]. From around E7.75 to E9.25, 
coincident with their migration in the developing hindgut endoderm, their increase 
in number is relatively slow compared to that after E9.5. Through calculation 
of DNA contents of PGCs, a majority of PGCs (approximately 60 %) from E7.75 
to E8.75 are in the G2-phase of the cell cycle. After E9.75, PGCs exhibit a cell 
cycle distribution with a clear G1 peak, a wide S-phase, and less prominent G2 
peak, which is indicative of a rapidly cycling state. These results indicate that a 
majority of PGCs migrating in the hidgut endoderm arrest at the G2-phase of the 
cell cycle [ 99 ]. 

 When PGCs arrive in the presumptive gonad region, they stimulate cells of 
the adjacent coelomic epithelium to proliferate and form somatic support cells. 
Proliferation of the somatic support cells creates a swelling just medial to each 
mesonephros on both the right and left sides of the gut mesentery. These swellings, 
the genital ridges, represent the primitive gonads. In both male and female, PGCs 
undergo further mitotic division within the gonads. PGCs are usually called gono-
cytes during this period [ 115 ].  

1.2.1.4     Imprinted Genes in PGC Development 
 The vast majority of genes possess a bi-allelic pattern of expression. Imprinting 
corresponds to specifi c epigenetic regulation leading to expression of only one 
parental allele of a gene. Some imprinted genes exhibit paternal expression while 
others exhibit maternal expression. Imprinting is mediated by epigenetic modi-
fi cations including DNA methylation and histone modifi cations imposed on either 
maternal or paternal alleles [ 99 ]. Currently, about 75 imprinted genes have been 
identifi ed to date in humans, although it is estimated that from 100 to 600 imprinted 
genes may exist in the human genome [ 109 ]. 

 Imprinting marks from their parents generally maintain at somatic lineages 
through specifi c mechanisms, however, newly-formed germ cells need to erase the 
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imprints of the previous generation and established new ones depending on the sex 
of the new generation [ 116 ]. Numerous studies examined DNA methylation states 
of imprinted genes in migrating and postmigrating PGCs from E9.5 to E12.5 
[ 117 ,  118 ]. Allele-specifi c DNA methylation in nearly all imprinted genes is 
maintained in migrating PGCs until about E9.5, indicating that imprinted genes 
are resistant to the global DNA demethylation in migrating PGCs. The erasure of 
imprinting commences in a part of the migrating PGCs at E9.5, progresses gradually 
afterward, and completes in PGCs at E12.5 [ 99 ]. 

 Despite the mechanism of imprint erasure being unknown, it has been suggested 
that erasure is an active process involving the direct removal of DNA methylation 
[ 119 ]. A recent study showed that some imprinted loci,  H19  and  Lit1 , are resistant 
to the demethylation process in  Aid -defi cient PGCs [ 120 ]. Another study showed 
that several imprinted regions undergo complete demethylation in the Dnmt3a and 
3b knockout ES cells [ 121 ]. The results indicated that the absence of Dnmt3a and 
3b may be a critical requirement for erasure of imprints.   

1.2.2     From Gonocytes to Primary Oocytes 

 In the primitive gonads, PGCs (now called gonocytes) undergo more mitotic 
divisions after they are invested by the somatic support cells and then differentiate 
into oogonia. By 12 weeks development, oogonia in the genital ridges enter the fi rst 
meiotic prophase and then almost immediately become dormant. 

1.2.2.1     Meiotic Arrest 
 Meiosis is a specialized process of cell division that occurs only in germ cell lines. 
In mitosis, a diploid cell replicates its DNA and undergoes a single division to 
yield two diploid cells. In meiosis, a diploid germ cell replicates its DNA and under-
goes two successive cell divisions to yield four haploid gametes [ 101 ]. In females, 
the meiotic divisions of oogonia are unequal and yield a single, massive, haploid 
defi nitive oocyte and three, small, nonfunctional, haploid, polar bodies. Oocytes enter 
meiosis prenatally but do not fi nish the second meiotic division until fertilization, 
thus the process can take several decades to complete [ 122 ]. 

 The preliminary step in meiosis, as in mitosis, is the replication of each chromo-
somal DNA molecule; thus, the diploid cell converts from 2N to 4N. This event 
marks the beginning of gametogenesis. The oogonium is now called a primary 
oocyte. Once the DNA replicates, each consists of two chromatids joined together 
at the centromere. In the next step, prophase, the chromosomes condense into 
compact, double-stranded structures. During the later stages of prophase, the 
double- stranded chromosomes of each homologous pair match up to form a joint 
structure, or, chiasma. Chiasma formation makes it possible for two homologous 
chromosomes to exchange large segments of DNA by “crossing over”. The resulting 
recombination of genetic material on homologous maternal and paternal chromo-
somes is largely random, and, increases the genetic variability of the future gametes. 
Once primary oocytes enter meiotic “arrest” during the fi rst meiotic prophase, they 
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enter a state of dormancy and remain in meiotic arrest as primary oocytes until 
sexual maturity [ 123 ].  

1.2.2.2     Meiosis and Epigenetic Transition 
 In PGCs, the genomes are wiped clean of most of their DNA methylation and 
other chromatin modifi cations, so that germ cells can acquire the capacity to 
support postfertilization development. This process also prepares germ cells for 
meiosis, during which homologous chromosomes become aligned to allow synapsis 
and recombination [ 106 ]. 

 A functional link between DNA methylation and meiosis has been discovered in 
female germ cells. Specifi cally, ablation of ATP-dependent chromatin remodeling 
factor  Lsh  (lymphoid specifi c helicase) gives rise to DNA demethylation and 
activation of transposable elements in mouse female germ cells. Reduced methyla-
tion occurs at tandem repeats and pericentric heterochromatin. These changes 
are associated with incomplete synapsis of homologous chromosomes and develop-
mental arrest at the pachytene stage [ 106 ]. The use of antibodies against methylated 
cytosines (5mC) has shown low methylation levels in both nuclei and chromo-
somes of proliferating oogonia in female mice. In early oocytes at both late zygotene 
and late pachytene/diplotene stages of meiosis, overall DNA methylation remains 
low [ 107 ].   

1.2.3     Folliculogenesis 

1.2.3.1     Primordial Follicle 
 By the 5th month of human fetal development all oogonia begin meiosis, after 
which they are called primary oocytes [ 101 ]. The nucleus of each of these dormant 
primary oocytes, containing the partially condensed prophase chromosomes, 
becomes very large and watery and is referred to as a germinal vesicle. The swollen 
condition of the germinal vesicle may protect the oocyte’s DNA during the long 
period of meiotic arrest [ 101 ]. 

 A single-layered, squamous capsule of epithelial follicle cells derived from the 
somatic support cells tightly encloses each primary oocyte. This capsule and its 
enclosed primary oocyte constitute a primordial follicle. The fi rst primordial follicles 
appear in the human fetus as early as 15th week of gestation, and, are complete by 
6 months after birth [ 124 ]. Studies in human and rodents identify a variety of genes 
involved in primordial follicle assembly, such as transcription factors, zona proteins, 
meiosis-specifi c enzymes and nerve growth factors [ 125 ]. 

 Initiation of meiosis in oogonia with investment of granulosa cells to form the 
primordial follicle appear to protect from atresia, as they cannot persist beyond the 
7th month of gestation without entering meiosis. Therefore, ovaries in the newborn 
are usually devoid of oogonia [ 125 ,  126 ]. By 5 months, the number of primordial 
follicles in the ovaries peaks at about seven million. Most of these follicles sub-
sequently degenerate. By birth only 700,000 to 2 million remain, and by puberty, 
only about 400,000 [ 101 ].  
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1.2.3.2     Primordial-to-Primary Follicle Transition 
 Primordial follicles remain in a dormant phase until being recruited into the 
primary stage for growth. The transition process is an orchestrated multi-directional 
communication among the oocytes and somatic cells (granulosa cells and thecal 
cells), and certain matrix components and growth factors play roles in this process 
and subsequent growth of follicles [ 127 ]. 

 Recent studies on genetically modifi ed mice confi rm inhibitory signals that 
maintain primordial follicles in the dormant state. Loss of function of any of the 
inhibitory molecules for follicular activation, including tumor suppressor tuberous 
sclerosis complex 1 (Tsc-1), phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN), Foxo3a, p27 and Fox12, leads to premature activation of the 
primordial follicle pool [ 128 – 130 ]. Global activation of primordial follicles inevitably 
causes early exhaustion of the follicle pool and premature ovarian failure (POF) 
though only the Fox12 mutation has been linked to POF in human [ 131 ]. The Foxo3a 
knockout mouse is infertile owing to total depletion of follicles, however, mutation 
or common single nucleotide polymorphisms in the Foxo3a gene are not associated 
with POF in human [ 132 ,  133 ]. 

 Anti-Mullerian hormone (AMH) is a member of the transforming growth 
factor- beta (TGF-β) family, produced by granulosa cells of growing preantral and 
small antral follicles as a dimeric glycoprotein [ 125 ]. In fetal ovaries, AMH is fi rst 
detected at 36 weeks of gestation in granulosa cells of developing preantral follicles 
and reaches its highest levels in puberty, becoming undetectable after menopause 
[ 134 ,  135 ]. Increased recruitment of primordial follicles into the growing pool in 
AMH null mice suggests a negative effect of AMH on the primordial-to-primary 
follicle transition [ 136 ,  137 ]. Flattened granulosa cells of primordial follicles become 
cuboidal during transition into their primary stages along with an increase in oocyte 
diameters and acquisition of zona pellucidae [ 138 ]. The transcription factor Fox12 
appears to play a critical role in this transition. Although mice with interruption of 
Fox12 gene had normal formation of primordial follicles, the granulosa cells did 
not complete their squamous-to-cuboidal transition, which led to the absence of 
secondary follicles [ 139 ]. 

 Other signals in the ovary promote transition of primordial follicles to primary 
follicles. Studies on animal models and the human ovary confi rm that BMP-4, 
BMP-7 and GDF-9 are involved in these processes [ 140 ,  141 ]. Mice with the GDF-9 
null gene are infertile owing to arrested follicle development at the primary stage 
with no further growth beyond that stage [ 142 ]. Furthermore, FSH is not required 
for this transition as primordial follicles do not express FSH receptors [ 143 ]. Other 
growth factors and cytokines, such as kit-ligand (KL) and leukemia inhibitory factor 
(LIF) also act at a paracrine level in the formation of primary follicles [ 144 ,  145 ].  

1.2.3.3     Preantral and Antral Follicle 
 With mitotic expansion of granulosa cells, single-layer primary follicles are trans-
formed into multi-layered ones. An increase in oocyte diameter, and formation of 
basal lamina, zona pellucida and theca cell layer are among other changes that 
characterize this developmental stage [ 146 ]. During this phase follicle diameter 
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increases from 40–60 μm at the primary stage to 120–150 μm at the preantral stage. 
With further growth, follicles reach a diameter of 200 μm, and, enter the antral 
stage. It is during this stage that the follicle begins to develop fl uid-fi lled spaces 
within the granulosa cell layers, which will coalesce to form the antral cavity. 
Development of a multi-layered secondary follicle from a primary follicle with a 
single layer of granulosa cells is a lengthy process that takes months in humans. 
This process appears to be independent of the actions of gonadotrophins. Even 
though preantral follicles may express FSH receptors, FSH may have a permissive 
role rather than being essential to preantral follicle growth [ 143 ]. 

 A series of growth factors and cytokines, such as GDF-9, BMP-15, BMP-4, 
BMP-7 and TGF-β play crucial roles in the growth of primary follicles into preantral 
and antral stages. In vitro experiments show that GDF-9 increases the number of 
primary and secondary follicles in human and rodents [ 147 ]. Mice null for the 
GDF-9 gene show arrested follicle growth at the primary stage, which further 
confi rms the growth-promoting effects of GDF-9 on follicles beyond the primary 
stage [ 148 ]. Another positive regulator of follicle growth into preantral and antral 
stage is BMP-15. This oocyte-derived growth factor stimulates the proliferation of 
granulosa cell mitosis in pre-antral follicles during the FSH-independent stages of 
early follicular growth [ 149 ]. Theca cells play an important role in follicle growth. 
Theca- derived BMP-4 and -7 promote follicle growth beyond the primary stage 
in rodents [ 150 ]. During rapid growth of preantral-antral follicles, BMP-4 and -7 
also modulate FSH signaling in a way that promotes estradiol production while 
inhibiting progesterone synthesis, and acting as a luteinization inhibitor. BMP-4 
and -7 do not affect granulosa cell steroidogenesis in the absence of FSH [ 151 ]. 
The actions of TGF-β include proliferation of granulosa cells, progesterone pro-
duction and FSH- induced estradiol production [ 152 ]. 

 In contrast to the positive effects of these growth factors and cytokines, 
AMH appears to have a negative effect on preantral follicle development beyond 
primordial- primary transition [ 153 ]. Its expression is fi rst detected on granulosa cells 
of primary follicles and continues until mid-antral stages of follicle development in 
humans. The highest level of expression occurs in granulosa cells of secondary, 
preantral and small antral follicles less than 4 mm in diameter [ 154 ]. These fi ndings 
suggest a negative effect of AMH on preantral follicle development beyond the 
primordial-primary transition.  

1.2.3.4     Premature Follicle and the Selection 
of Dominant Follicle 

 Follicle growth after the antral stage is characterized by further proliferation of 
granulosa and theca cells, increased vascularization, oocyte growth and formation 
of the antral space. FSH becomes a critical determinant of further follicle growth 
and survival at this stage. Cyclical recruitment of a cohort of antral follicles for 
further growth and selection of a dominant follicle from among this cohort are the 
characteristic features of this phase. When a selected cohort of antral follicles grow, 
modulation of their steroidogenetic activity and their response to gonadotrophins 
are necessary to sensitize certain follicles for further growth and select a dominant 
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follicle [ 125 ]. Current evidence suggests that these goals are accomplished by 
locally produced growth factors, such as activin, GDF-9 and BMPs. 

 Activin A promotes FSH receptor expression in rat granulosa cells and suppresses 
the growth of primary follicles while inducing follicular growth at later stages [ 155 , 
 156 ]. Activin A also involves regulation of estrogen synthesis, LH receptor expres-
sion and oocyte maturation [ 157 ]. When activin signalling is disrupted, follicle 
development arrests [ 158 ]. However, AMH negatively affects cyclic recruitment 
and dominant follicle selection by reducing the responsiveness of preantral and 
small antral follicles to FSH [ 159 ]. 

 Another characteristic of follicular development is a switch from an activin 
A-dominant to inhibin A-dominant environment. Small follicles tend to produce 
more activin A relative to inhibin A, whereas large, selected, antral follicles secrete 
more inhibin A [ 160 ]. Activin A can attenuate LH-dependent androgen production 
by theca cells of small preantral follicles [ 161 ]. On the other hand, inhibin A released 
in large quantities by selected antral follicles counteracts the inhibitory effects of 
activin A and increases LH-induced androgen secretion from theca cells. This 
provides a suffi cient supply of androgen for conversion into estrogens in granulosa 
cells as there will be a great demand for estrogen synthesis during the peri- ovulatory 
period. The expression pattern of activin A subunits and its receptors suggests a 
role for activin in acquisition of maturational competence in oocytes of growing 
pre-antral follicles [ 161 ]. By contrast inhibin A can function as a meiotic inhibitor 
and therefore impair oocyte maturation and developmental competence [ 162 ].  

1.2.3.5     Folliculogenesis and Epigenetic Modification 
 During follicle maturation, appropriate epigenetic modifi cations are necessary for 
normal oocyte growth and development [ 163 ]. Methylation marks are re-established 
with oocyte growth and follicle development. The methylation pattern is related to 
oocyte size and increases throughout the entire nucleus until it reaches its maximal 
level in the fully grown GV-stage oocyte [ 107 ]. Several studies show that DNA 
methylation levels increase with oocyte growth, with a slight increase on day 10 
(post-partum) and marked increases thereafter until the later GV stage in mice 
[ 163 ]. DNA methylation of imprinting genes establishes between days 10 and 15 in 
oocytes [ 164 ]. In addition, de-novo expression of Dnmt3a and Dnmt3b mRNA was 
observed in late GV-stage and 15 day-old oocytes [ 163 ]. These enzymes may cata-
lyze DNA methylation in regions of the genome other than the imprinted genes until 
the late GV stage. The role of global DNA methylation is still unclear, but it may 
involve transiently repressing transposon mobilization to maintain genome stability 
during oocyte growth [ 165 ]. 

 Maternal imprinting is also reset during oocyte growth and maturation. This 
modifi cation may be dependent on the development stage of the oocyte. Various 
imprinted genes receive an imprinting mark asynchronously at particular stages 
during the primordial to antral follicle transition [ 166 ]. These imprints are not 
established at the same time, and each imprinted gene is methylated at a specifi c 
time. Meanwhile, the imprinting pattern of the oocyte is not fully laid down until 
the oocyte is within a mature follicle ready to ovulate [ 167 ]. Remethylation of 
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maternally expressed imprinted genes starts at the secondary follicle stage and 
completes at the antral follicle stage [ 166 ]. Another study shows that  Snrpn ,  Znf127 , 
and  Ndn  genes are imprinted during the process of primordial-to-primary follicle 
transition, whereas imprinting of  Peg3 ,  Igf2r , and  p57   KIP2   occurs at the secondary 
follicle stage [ 167 ]. Additionally, there is species-specifi c difference in the estab-
lishment of methylation imprinting. For example,  Snrp  is methylated in late GV-stage, 
metaphaseI(MI), and metaphaseII (MII) human oocytes [ 168 ]. The establishment of 
maternal methylation imprints for some genes may be later in humans than in mice 
during oocyte development.   

1.2.4     Oocyte Maturation 

 To become competent for normal fertilization and embryonic development, oocytes 
in preovulatory follicles undergo both nuclear and cytoplasmic maturation. 
Nuclear maturation includes at least two steps: oocytes resume meiosis, undergo 
GVBD and progress to metaphase I; the fi rst polar body is extruded and the oocytes 
proceed to metaphase II. In addition to nuclear maturation, oocytes also undergo 
cytoplasmic maturation characterized by cytoplasmic changes essential for mono-
spermic fertilization, processing of the sperm, and preparation for development to 
preimplantation embryos [ 169 ]. 

1.2.4.1     Meiotic Arrest Maintenance 
 Before reproductive maturity, oocytes arrest in prophase I of meiosis. Maintenance 
of oocyte meiotic arrest is dependent upon follicular somatic cells, because oocytes 
or cumulus-oocyte-complexes released from preovulatory follicles resume meiosis 
spontaneously [ 170 ]. 

 Meiotic arrest of oocytes is maintained by high concentrations of the second 
messenger cyclic AMP (cAMP) [ 171 ]. cAMP levels within the oocyte affect the 
activity of maturation promoting factor (MPF), a complex of Cdc2 and cyclin B, 
via cAMP-dependent protein kinase A (PKA). High cAMP levels in oocytes 
result in phosphorylation of Cdc2 on Thr14 and Tyr15, keeping the MPF complex 
inactive. A decrease of cAMP levels within oocytes leads to dephosphorylation 
of Thr14 and Tyr15, and MPF becomes active so that oocytes can resume meiosis. 
The phosphorylation is catalyzed by Wee1 kinases, whereas dephosphorylation is 
dependent on Cdc25 phosphatases. The activity of Wee1 kinases and Cdc25 phos-
phatases is directly regulated by PKA [ 172 ,  173 ]. 

 Because oocyte meiotic arrest is dependent on the interaction between oocyte 
and follicular somatic cells, cAMP in oocytes may derive from somatic cells through 
gap junctions which are present between cumulus cells and oocytes. However, cAMP 
levels remain constant when gap junctions are closed, suggesting that cAMP can be 
produced by the oocyte. Recent studies found that G-protein coupled receptors 
(GPCRs), GPR3 and GPR12, are expressed by rodent oocytes and these receptors 
play a role in maintaining high cAMP levels within oocyte and meiotic arrest. 
Other intracellular components required for cAMP generation such as Gs protein 
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and adenylyl cyclases are present in oocytes and are functional [ 173 ]. Thus, cAMP 
may also be generated autonomously by the oocyte at levels suffi cient to maintain 
meiotic arrest. 

 Cyclic GMP is also important for maintaining meiotic arrest. Increasing cGMP 
levels in the oocyte maintains meiotic arrest. Phosphodiesterase 3A (PDE3A), an 
oocyte-specifi c phosphodiesterase, is crucial for meiotic resumption. This enzyme 
decreases cAMP levels within oocyte after LH surge, and, initiates pathways leading 
to meiotic resumption. Before the LH surge, the activity of PDE3A is inhibited by 
cGMP [ 174 ]. Recent studies show that mural granulosa cells express natriuretic 
peptide precursor type C (NPPC), whereas cumulus cells surrounding oocytes express 
NPR2, the receptor of NPPC. NPPC can increase cGMP levels in cumulus cells and 
oocytes in cultured cumulus-oocyte-complexes. And meiotic arrest is not sustained 
in Graafi an follicles of Nppc or Npr2 mutant mice [ 175 ]. It is likely that NPPC 
produced by mural granulosa cells activates NPR2 in cumulus cells, and activated 
NPR2 increases cGMP levels in cumulus cells. Since NPR2 is not detectable in 
oocytes, high levels of cGMP within oocytes may be a result of transferring cGMP 
from cumulus cells to oocytes through gap junctions. High, cGMP levels in oocytes 
suppress PDE3A activity, resulting in elevated cAMP levels within oocytes that 
block meiotic progression.  

1.2.4.2     Meiotic Resumption Triggered by LH 
 The preovulatory LH surge triggers a cascade of events in ovarian follicles, including 
resumption of meiotic maturation, luteinization, expansion or maturation of the 
cumulus cells, and follicle rupture. The LH receptor belongs to the group of GPCRs 
that depend on interaction with Gsα and activation of adenylyl cyclase to produce 
cAMP. It is accepted that cAMP is the primary signal mediating LH stimulation, but 
numerous signals activate after the LH surge, and, are involved in the resuming 
oocyte meiosis. 

 Regulation of meiotic maturation may include mitogen activated protein kinase 
(MAPK), also termed extracellular regulation kinase (ERK). The most widely 
studied MAPKs in oocytes are ERK1 and ERK2, which can be phosphorylated by 
upstream MEK (MAPK kinase). Artifi cial activation of MAPK re-initiates meiosis. 
LH-dependent ERK 1/2 is activated downstream of cAMP and dependent on PKA 
activation. Recent studies show that MAPK in cumulus cells plays a critical role in 
resumption of oocyte meiosis [ 176 ]. Multiple signaling cascades, including PKC, 
gap junctions, epidermal growth factor (EGF) and endothelin-1 pathways may also 
mediate ERK 1/2 activation. 

 Phosphatidylinositol 3-kinase (PI3K) phosphorylates the D-3 position of the 
inositol ring of phosphatidylinositol to produce phosphatidylinositol-3-phosphate and 
its analogues. The role of PI3K in resuming meiosis in mouse, rat, porcine and bovine 
includes regulating oocyte maturation through gap junctions between cumulus cells 
and oocytes [ 177 ]. PI3K may also regulate oocyte maturation by activation of RAS 
since PI3K related enzyme is crucial for RAS-induced, MPF activation [ 178 ]. 

 Mammalian oocytes express few LH receptors and are insensitive to direct 
LH stimulation [ 179 ]. Thus, factors released by somatic follicular cells convey LH 
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stimuli to oocytes. Recently, the discovery that LH surge activates EGF signaling 
network has provided new insights on how the LH signal is conveyed from mural 
granulosa cells to the cumulus-oocyte-complexes to induce oocyte maturation. LH 
induces a rapid and transient expression of EGF-like factors, amphiregulin (AREG), 
epiregulin (EREG) and betacellulin (BTC), in somatic cells of preovulatory murine 
follicles. In vitro culture of follicles with EGF-like factors promotes cumulus 
expansion and oocyte maturation [ 180 ]. EGF-like factor infl uences LH induction of 
oocyte maturation in several other species, including pig, horse, monkey and human 
[ 181 ]. In addition to EGF-like factors, insulin-like 3 (INSL3) and endothelin-1 also 
mediate the actions of LH in controlling GVBD of the oocyte. These factors transmit 
ovulatory LH signals from theca or granulosa cells to cumulus cells or oocytes via 
their receptors in a paracrine manner. Binding to their receptors in cumulus cells or 
oocytes, activates downstream signaling cascades to resume meiosis. EGF-like 
factors activate EGF receptors on cumulus cells and induce resumption of oocyte 
meiosis via PI3K and ERK 1/2 signal pathways, probably by disrupting gap junctions 
[ 182 – 184 ]. LH stimulates INSL3 transcripts in ovarian theca cells and INSL3 binds 
a GPCR, LGR8 (leucine-rich repeat-containing G protein-coupled receptor 8), 
expressed in oocyte to activate the inhibitory G protein, thus leading to decreases in 
cAMP production [ 185 ]. Endothelin-1 promotion of GVBD is mediated by cumulus 
cells through EDNRA, involving MAPK/ERK pathway [ 186 ]. 

 Intercellular communications are essential for oocyte responses to the LH surge. 
Gap junctions are responsible for transmitting signals between somatic cells of the 
follicle, as well as the cumulus cells and oocytes. Gap junctions consisting of inter-
cellular channels are located at points of very close cell-cell contact. The junctional 
channel is composed of two end-to-end hemichannels, each of which is a hexamer 
of connexin subunits [ 187 ]. Different types of gap junctions are distinguishable on 
connexins and permeable to molecules of different sizes and charge. Of the 20 
connexins encoded in the mammalian genome, connexin 43 (CX43) and connexin 
37 (CX37) play critical roles in oocyte maturation. CX43 is the primary connexin in 
the follicular somatic cell junctions, by contrast, CX37 is found at the oocyte surface 
in oocyte-somatic cell gap junctions. LH causes a decrease in the gap junction 
permeability between the somatic cells, resulting from MAP kinase-dependent 
phosphorylation of CX43 [ 188 ]. CX43 phosphorylation induces gap junction 
closure suffi cient for initiating resumption of meiosis. However, a parallel meiosis- 
stimulatory mechanism may be present, as the inhibition of MAP kinase activation, 
which prevents the LH-induced channel closure, does not prevent the meiotic 
progression in response to LH. Oocytes of CX37 mutant mice fail to undergo 
GVBD when released from the follicles and granulosa cells prematurely became 
luteal cells, suggesting CX37 is responsible for transmitting signals from oocyte to 
granulosa cells to maintain the differentiated status of granulosa cells [ 187 ].  

1.2.4.3     Cytoplasmic Oocyte Maturation 
 The processes of oocyte nuclear maturation and cytoplasmic maturation are 
usually coordinated. However, some oocytes competent to complete nuclear 
maturation are unable to develop to blastocyst stage, which is indicative of defi cient 
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or defective cytoplasmic maturation [ 169 ]. Cytoplasmic maturation involves 
organelle redistribution and storage of mRNA, proteins and transcription factors 
which are crucial for completion of meiosis, fertilization and early embryo develop-
ment [ 189 ]. 

 Ultrastructural changes and organelle redistribution occur during oocyte 
maturation. Cytoskeletal microfi laments and microtubules present in the cytoplasm 
promote the movements of these organelles and act on chromosome segregation. 
Ultrastructural examination shows that mitochondria in bovine oocytes move from 
a peripheral distribution to a more dispersed distribution after LH surge. Upon 
reaching metaphase II, the mitochondria move to the central area of oocytes and 
produce ATP necessary for synthesis of proteins supporting oocyte maturation and 
subsequent embryonic development [ 189 ]. Mouse oocytes from small antral follicles, 
matured in vitro, have reduced number of mitochondria, reduced amounts of ATP 
and abnormal mitochondrial distributions, suggesting compromised developmental 
potential [ 189 ]. Ca 2+  oscillation, triggered by a fertilizing spermatozoon, is essential 
for activation of the embryonic development. The ability to generate Ca 2+  oscillation 
develops during the oocyte maturation process and involves several cytoplasmic 
changes [ 190 ]. Endoplasmic reticulum (ER) plays an important role in regulation 
of Ca 2+  gradients. Storing and releasing Ca 2+  are mediated by inositol 1,4,5 
tri-phosphate receptor (IP3R), which is located on the ER membrane [ 190 ]. Thus, 
biochemical and structural changes in the ER during maturation are critical for 
generation of Ca 2+  oscillation. In GV stage oocytes, the ER is uniformly distributed 
in the ooplasm. However, following maturation to MII, the ER moves to cortical 
regions and accumulates in 1~2 μm wide clusters. Morphology of the ER also 
characteristically changes during oocyte maturation [ 191 ]. The exocytosis of cortical 
granules is an important mechanism used by the oocyte to prevent polyspermy. 
Cortical granules of GV oocytes are distributed in cluster throughout the cytoplasm. 
When the oocytes reach MII stage, cortical granules aggregate at the inner surface 
close to the plasma membrane. 

 To acquire developmental competence, oocytes complete “molecular maturation” 
consisting of transcription, storage and processing of maternal mRNA. The ribosomes 
further translate these mRNAs into proteins involved in maturation, fertilization and 
embryogenesis. Since global transcriptional silencing in fully grown oocytes is a 
critical event during mammalian oogenesis, these mRNAs will be stored in an 
inactive form and sustain the very early stages of preimplantation development 
through timely translation. Altered expression of maternal genes such as Zar1, 
Npm2, stella, Smarca4 and Oct4 leads to developmental arrest at the time of zygotic 
genome activation [ 192 ].   

1.2.5     Epigenetic Regulation During Oogenesis 
and Oocyte Maturation 

 The molecular changes that occur during oogenesis are important for oocytes 
to acquire its developmental competence. In addition to transcription factor 
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binding to promoters, regulation of transcription may be achieved through 
epigenetic mechanisms. Epigenetic mechanisms in oocyte and early embryo include 
chromatin remodeling, DNA methylation, histone modifi cation and non-coding 
RNAs [ 193 ]. 

1.2.5.1     Chromatin Remodeling 
 During mammalian oocyte growth, the nucleus of oocyte arrests at diplotene 
stage, termed the germinal vesicle (GV), and undergoes chromatin remodeling for 
control of gene expression. GV oocytes from murine antral follicles divide into 
two groups according to the chromatin distribution in the nucleus. (I) surrounded 
nucleolus (SN) oocytes, with rather condensed chromatin surrounding the nucleolus; 
(II) non- surrounded nucleolus (NSN) oocytes, with more dispersed chromatin not 
surrounding the nucleolus [ 194 ]. Other mammalian GV oocytes, including rats, 
monkeys, pigs and humans also possess similar SN/NSN chromatin organization. 

 During oocyte growth and maturation, GV chromatin confi guration varies in 
different species. In mice, oocytes in preantral follicles with a diameter between 
10 and 40 μm have NSN confi guration. SN oocytes can only be found in antral 
follicles and the proportion of SN confi guration increases as the size of the 
oocytes becomes larger. SN oocytes are silent during transcription, while NSN 
oocytes are actively transcribing. Transcriptional repression is associated with meiotic 
competence in fully grown GV oocytes [ 195 ]. The percentage of oocytes that 
resume meiosis is higher in SN oocytes than in NSN oocytes. After fertilization, 
NSN oocytes cannot develop beyond the 2-cell stage while a proportion of SN 
oocytes can develop to blastocyst [ 196 ]. Thus, the chromatin confi guration is highly 
related to oocyte developmental competence.  

1.2.5.2    DNA Methylation 
 In mammals, maternal and paternal alleles of most genes are expressed at similar 
levels, but some genes behave differently depending on their parent of origin. These 
genes are called imprinted genes and regulated by DNA methylation in differentially 
methylated region (DMR) during gametogenesis. Up to now, more than 100 imprinted 
genes are identifi ed in mammals and most of them are maternally imprinted. In female 
germlines, DNA methylation is erased during the differentiation of primordial germ 
cells, and de novo DNA methylation initiates asynchronously during the growth 
phase of diplotene-arrested oocyte [ 197 ]. DNA methylation is established in an 
oocyte size-dependent manner, and the maternal methylation imprints become fully 
established by the fully grown oocyte stage [ 198 ]. 

 DNA methylation occurs at the C5 position of cytosine, mostly within CpG dinu-
cleotides. CpG methylation regulates the expression of imprinted and non-imprinted 
genes. DNA methyltransferases are a family of enzymes that catalyze the transfer of 
a methyl group to DNA. Dnmt3a and Dnmt3b are responsible for establishing 
de novo CpG methylation, while Dnmt1 maintains the methylation pattern during 
chromosome replication. The activity of Dnmt3a and Dnmt3b is catalyzed by a 
related protein, Dnmt3L. Dnmt3L is highly expressed in germ cells and forms 
a complex with Dnmt3a and Dnmt3b [ 197 ]. Although Dnmt3b is dispensable for 
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the establishment of maternal imprints, Dnmt3a and Dnmt3L are both necessary to 
establish maternal imprints in growing oocytes. Dnmt1o, the oocyte-specifi c isoform 
of Dnmt1s methyltransferase, is produced in oocytes and maintains the CpG 
methylation in oocytes and preimplantation embryos [ 192 ].  

1.2.5.3    Histone Modification 
 In addition to DNA methylation, histone modifi cation plays an important role in 
controlling gene expression in gametes and early embryos. Nucleosome is the 
fundamental building component of chromatin and it is composed of 147 base pairs 
of genomic DNA and an octamer of two subunits of each of the core histones H2A, 
H2B, H3 and H4. The amino-terminal portion of the histone protein contains a 
fl exible and highly-basic tail region, which is subject to various post-translational 
modifi cations, including acetylation, phosphorylation, methylation, ADP-ribosylation, 
ubiquitination, sumoylation, biotinylation and proline isomerization [ 199 ]. 

 Histone acetylation is associated with enhanced transcriptional activity, whereas 
histone deacetylation is correlated with repression of gene expression. Acetylation 
of H3 and H4 is more extensively studied than H2A and H2B. The level of acetylation 
on histone H3 and H4 increases during oocyte growth and generally all the lysine 
residues are acetylated in fully grown GV oocytes. However, with the resumption of 
meiosis, deacetylation will take place in several lysine residues and reaches its peak 
in MII oocytes. Histone (de)acetylation is related to chromatin remodeling during 
oocyte growth and is necessary for the binding of a chromatin remodeling protein to 
the centromeric heterochromatin, an essential step for the correct alignment of the 
chromosomes [ 192 ]. 

 Although all core histones contain phosphor-acceptor sites, the phosphorylation 
of serine 10 and 28 residue on histone H3 (H3/Ser10ph and H3/Ser28ph) is the most 
extensively characterized. However, studies on distribution and expression of 
H3/Ser10ph and H3/Ser28ph during oocyte maturation are discordant. The phos-
phorylation level of both H3/Ser10ph and H3/Ser28ph increases as oocytes proceed 
to MI stage, but the distribution pattern are different between them. Although 
phosphorylation of H3/Ser10ph correlates with chromosome condensation in mitotic 
cells, recent studies demonstrate that there are no relationships between H3/Ser10ph 
phosphorylation and chromosome condensation. However, H3/Ser28ph may be 
associated with chromosome condensation in oocytes [ 199 ]. 

 In contrast to acetylation and phosphorylation, histone methylation is relatively 
stable during oocyte maturation. The main methylation sites are the basic amino 
acid side chains of lysine (K) and arginine (R) residues. Histone methylation 
may contribute to establishment and maintenance of an imprinted pattern of gene 
expression together with DNA methylation [ 192 ,  199 ].  

1.2.5.4    Small RNAs Regulation of Oocyte Maturation 
 From the fully grown oocyte stage until zygotic genome activation (ZGA), the 
genome is transcriptionally silent. During this period, all mRNA regulation must 
occur post-transcriptionally. Transcripts expressed by oocytes will support its 
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maturation, fertilization and early stages of embryonic development [ 200 ]. By MII 
stage, more than half of the mRNA stored in oocytes will be degraded. Small, non-
coding RNAs are implicated in the elimination of maternal mRNAs [ 201 ]. 

 Small, non-coding RNAs range in size from 18 to 32 nucleotides (nt) in length 
and play a critical role in post-transcriptional regulation. Three major classes of 
small, non-coding RNAs have been identifi ed in mammals: microRNAs (miR-
NAs), endogenous small interfering (endo-siRNAs) and Piwi-interacting RNAs 
(piRNAs) [ 34 ]. There are two subclasses of miRNAs, canonical and non-canonical 
miRNAs. Canonical miRNAs will be processed by Drosha-Dgcr8 complex to form 
pre- miRNAs transported from the nucleus into cytoplasm while non-canonical 
 miRNAs can bypass the Drosha-Dgcr8 step [ 202 ]. Both miRNAs and endo-siRNAs 
involve RNase III enzyme Dicer processing with Dicer products being assembled into 
ribonucleoprotein complexes called RNA-induced silencing complexes (RISC). RISC 
binds the target RNA and silences gene expression by cleaving the target RNA [ 33 ]. 
The key components of RISC are proteins of Argonaute (Ago) family. In mammals, 
four Ago proteins function in miRNA repression but only Ago2 functions in siRNA 
repression. Ago2 is maternally expressed and plays an essential role in degradation of 
maternal mRNAs. In contrast, piRNAs don’t require Dicer processing and are 
expressed predominantly in germ lines in mammals. They are able to interact with the 
piwi proteins, a distinct family of Argonaute family [ 202 ]. 

 Previous studies demonstrate that miRNAs, such as Let-7, Mir22, Mir16-1 and 
Mir29, are present in oocytes. Furthermore, mRNA profi ling and bioinformatic 
analyses show that many targets for the expressed miRNAs are also present in 
oocytes. However, there is little miRNA function in mature oocytes [ 203 ] and the 
mRNA levels of oocytes from Dgcr8 mutant mice are unchanged [ 204 ]. These 
results suggest that miRNA function is downregulated during oocyte development. 
In contrast, endo-siRNAs may play an essential role in oocyte meiosis. Dicer loss in 
oocytes show hundreds of misregulated transcripts and results in meiosis arrest 
with abnormal spindles and severe chromosome congression defects [ 205 ]. 
Ago2- defi cient oocytes have similar phenotypes [ 206 ]. These results suggest a role 
for endo-siRNA in regulating oocyte meiosis. piRNAs have been identifi ed in 
growing oocytes, but deletion of Piwi proteins have no oocyte phenotype [ 202 ]. 
The role of piRNAs in oogenesis remains to be defi ned.    

1.3     Fertilization 

 Fertilization is the union of a humanoid egg and sperm, that usually occurs in the 
ampulla of the uterine tube. Fertilization is more a chain of events than a single, 
isolated phenomenon. Indeed, interruption of any step in the chain will almost 
certainly cause fertilization failure. Successful fertilization requires not only that a 
sperm and egg fuse, but that only one sperm fuses with the egg. Fertilization by 
more than one sperm, polyspermy, almost inevitably leads to early embryonic death. 
The eggs of many species adopt different strategies to avoid polyspermy. 
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1.3.1     Sperm Capacitation 

 Mammalian sperm are unable to fertilize eggs immediately after ejaculation. 
They acquire fertilization capacity after residing in the female tract for a fi nite 
period of time that varies depending on the species. The sperm of many mammals, 
including humans, can also be capacitated by incubation in certain fertilization 
media. Molecular events implicated in the initiation of capacitation include 
lipid rearrangements in the sperm plasma membrane, ion fl uxes resulting in 
alteration of sperm membrane potential [ 207 ], and increased tyrosine (tyr) phos-
phorylation [ 208 ] of proteins involved in induction of hyperactivation and the 
acrosome reaction. Sperm that have undergone capacitation are said to become 
hyperactivated, and, display hyperactivated motility. Most importantly however, 
capacitation appears to destabilize the sperm's membrane to prepare it for the 
acrosome reaction.  

1.3.2     Sperm-Zona Pellucida Binding 

 The egg is encased within a zona and surrounded by layers of cells of the cumulus. 
Sperm must penetrate these vestments to fuse with the egg. The cumulus acts 
as a selective barrier, arresting both uncapacitated sperm as well as sperm that 
have completed the acrosome reaction, while permitting capacitated, acrosome-
intact sperm to penetrate and engage in the later steps of fertilization [ 209 ]. 
Exposure of sperm to either cumulus cells or to cumulus-conditioned medium 
increase the duration of motility, the forward velocity, and the force generated 
by fl agellar beating. Binding of sperm to the zona pellucida is a receptor-ligand 
interac tion with a high degree of species specifi city [ 210 ]. The carbohydrate 
groups on the zona pellucida glycoproteins function as sperm receptors. The 
sperm molecule that binds this receptor is not known with certainty, and indeed, 
there may be several proteins that can serve this function. In addition, cumulus 
cells may release a sperm chemo- attractant [ 211 ]. To reach the egg plasma 
membrane, sperm adhere to the outer edge of the zona, undergo acrosomal 
exocytosis that is regulated by the zona, and then move into, and through, the 
zona matrix.  

1.3.3     The Acrosome Reaction 

 The acrosome is a Golgi-derived, exocytotic organelle that covers the tip of the 
sperm head. Acrosomal exocytosis, the so-called acrosome reaction, happens only 
in capacitated sperm and is a prerequisite for a sperm to fuse with an egg [ 212 ]. 
The acrosome reaction provides the sperm with an enzymatic “drill” to get through 
the zona pellucida. The same zona pellucida protein that serves as a sperm receptor 
also stimulates a series of events that lead to many areas of fusion between the 
plasma membrane and outer acrosomal membrane. Membrane fusion (actually an 
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exocytosis) and vesiculation expose the acrosomal contents, leading to leakage of 
acrosomal enzymes from the sperm's head [ 213 ]. 

 The mechanism of the acrosome reaction itself has been well characterized. 
In brief, transient calcium infl ux leads to activation of phospholipase C (PLC), and 
activated PLC generates IP3 and diacylglycerol (DAG) from PIP2. IP3 releases 
calcium from intracellular stores, and DAG mediates PKC activation and phos-
phorylation of substrate proteins [ 214 ]. These early events promote a subsequent 
calcium infl ux via transient receptor potential cation channels (TRPCs), which 
induces the complete acrosome reaction. Disruption of Plcd4 impairs the in vitro 
ZP-induced acrosome reaction, while the Ca 2+  ionophore A23187-induced acrosome 
reaction occurs normally [ 215 ]. 

 Sperm that lose their acrosomes before encountering the oocyte are unable to 
bind to the zona pellucida and thereby unable to fertilize. Assessment of acrosomal 
integrity of ejaculated sperm is commonly used in semen analysis.  

1.3.4     Penetration of the Zona Pellucida 

 After passing through the cumulus oophorus, sperm encounter the ZP, their last 
hurdle before meeting the egg. The major components of the ZP are three glycosylated 
proteins, Zp1, Zp2, and Zp3. Zp3 functions as the primary sperm receptor and can 
induce the acrosome reaction [ 216 ]. 

 The ZP not only functions as a receptor for sperm but also acts as a species- specifi c 
barrier. One study replaced mouse Zp2 and Zp3 with their human homologs and 
examined the fertilization potential of eggs surrounded with a mouse Zp1/human 
ZP2/human ZP3 chimeric ZP [ 217 ]. Mouse sperm, but not human sperm, were able 
to bind to the chimeric ZP and fertilize the eggs. As Zp3 is thought to be the primary 
sperm receptor, these results suggest that oligosaccharides attached to the ZP pro-
teins, rather than the peptide sequences themselves, are critical for species- specifi c 
sperm binding. 

 Five knockout mouse strains (Clgn-, Ace-, Adam1a-, Adam2-, and Adam3- 
knockout mice) have sperms that show defective sperm-ZP binding [ 218 – 222 ]. And 
sperm share another notable phenotype: they are unable to migrate into the oviduct. 
This suggests that oviduct migration and ZP binding might share a common 
mechanism.  

1.3.5     Sperm-Oocyte Binding 

 After penetration of the ZP, sperm immediately meet and fuse with the egg plasma 
membrane. Once a sperm penetrates the zona pellucida, it binds to and fuses with 
the plasma membrane of the oocyte. Binding occurs at the posterior (post- acrosomal) 
region of the sperm head. 

 The molecular nature of sperm-oocyte binding is not completely resolved. 
A leading candidate in some species is a dimeric sperm glycoprotein called 
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fertilin, which binds to a protein in the oocyte plasma membrane and may also 
induce fusion. Interestingly, humans and apes have inactivating mutations in the 
gene encoding one of the subunits of fertilin, suggesting that they use a different 
molecule to bind oocytes. Izumo1 −/−  male mice are completely sterile, even though 
the mutant sperm can penetrate the ZP and contact the egg plasma membrane. When 
the fusion step was bypassed by intracytoplasmic sperm injection into unfertilized 
eggs, Izumo1 −/−  sperm activated eggs, and the fertilized eggs developed to term 
normally when transferred to the uterus of female mice. Therefore, the Izumo1 
protein is essential for sperm-egg fusion [ 223 ]. And the Cd9-knockout mouse 
shows a defect restricted to eggs, in which the protein was found to be essential for 
sperm-egg fusion [ 224 ]. If these proteins do indeed interact, it is likely that they 
both require associating proteins on the sperm and egg cell surface, and the identity 
of these putative factors is being intensively investigated.  

1.3.6     Egg Activation and the Cortical Reaction 

 Prior to fertilization, the egg is in a quiescent state, arrested in metaphase of the 
second meiotic division. The transition of an unfertilized, MII-arrested egg into a 
developing embryo requires completion of a sequence of events known as egg 
“activation”. These events include cortical granule (CG) exocytosis, modifi cations 
of the zona pellucida and plasma membrane that prevent polyspermy, completion of 
meiosis, recruitment of maternal mRNAs into polysomes for translation, and forma-
tion of male and female pronuclei [ 225 ]. 

 Upon binding of a sperm, the egg rapidly undergoes a number of metabolic and 
physical changes. Prominent effects include a rise in the intracellular concentration 
of calcium, completion of the second meiotic division and the so-called cortical 
reaction. 

 The cortical reaction refers to a massive exocytosis of cortical granules seen 
shortly after sperm-oocyte fusion [ 226 ]. Cortical granules contain a mixture of 
enzymes, including several proteases, which diffuse into the zona pellucida following 
exocytosis from the egg. These proteases alter the structure of the zona pellucida, 
inducing what is known as the zona reaction. Components of cortical granules may 
also interact with the oocyte plasma membrane.  

1.3.7     The Zona Reaction 

 The zona reaction refers to an alteration in the structure of the zona pellucida 
catalyzed by proteases from cortical granules. The critical importance of the zona 
reaction is that it represents the major block to polyspermy in most mammals [ 227 ]. 
This effect is the result of hardening of the zona pellucida. “Runner-up” sperm that 
have not fi nished traversing the zona pellucida by the time the hardening occurs, 
cannot proceed further.  
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1.3.8     Post-fertilization Events 

 Following fusion of the fertilizing sperm with the oocyte, the sperm head incorpo-
rates into the egg cytoplasm. The nuclear envelope of the sperm disperses, and 
the chromatin rapidly loosens from its tightly packed state in a process called 
de- condensation. In vertebrates, other sperm components, including mitochondria, 
are degraded rather than incorporated into the embryo. 

 Chromatin from both the sperm and egg become encapsulated in a nuclear 
membrane, forming pronuclei. Each pronucleus contains a haploid genome [ 228 ]. 
They migrate together, their membranes break down, and the two genomes condense 
into chromosomes, thereby reconstituting a diploid organism.      
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    Abstract  
  Human embryo development is a complex process. The life of an embryo begins 
when a male’s spermatozoa makes contact with a woman’s egg. A zygote cell, 
the very fi rst representation of the fetus, is the result of this fertilization process. 
Contained within this one cell is the DNA of both the male and female, as well 
as the blueprint from which the fetus will develop. This chapter reviews some of 
the basic physiology of embryonic development.  

2.1         Early Development of the Embryo 

 The embryonic period ranges from fertilization up to the 8th week of development. 
It is divided into a pre-embryonic period (from the 1rst to the 3rd week,) and the 
embryonic period (from 3rd to the 8th week). Pre-embryonic development includes 
cleavage of the zygote, formation of the morula, and implantation. The embryonic 
period extends from implantation to the end of the eighth developmental week. 
During the embryonic period the three germ layers arise and most of the organ 
systems are established. 

2.1.1     Cleavage of the Zygote (0–3 Days) 

 Cleavage describes repeated mitotic divisions of the zygote within the zona pellucida. 
It results in a rapid increase in the number of cells where the enormous volume of 
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egg cytoplasm is divided into numerous small, nucleated cells. These cleavage-stage 
cells are called blastomeres. Cleavage takes place in the uterine (fallopian) tube up 
to 3 days after fertilization and includes several stages; (1) 2-cell stage; the fi rst 
cleavage division produces two cells of unequal size about 30 h after fertilization; 
(2) 3-cell stage; the large cell continues to divide and form 3-cells; (3) 4-cell stage; 
the smaller cell also divides into two. In this way two large and two small cells form 
at about 40–50 h of fertilization; (4) 8-cell stage is reached after further cleavage; 
(5) 12-cell stage is reached about 72 h after fertilization [ 1 ]. 

 Firstly, cleavages in mammalian zygotes are among the slowest in the animal 
kingdom. Human cleavage is relatively slow. For instance, fi rst cleavage is not 
completed for 24 h in humans and subsequent early divisions take about 10–12 h 
each. Secondly, the fi rst cleavage is a normal meridianal division, and the second 
cleavage division may not occur simultaneously in both blastomeres; one of the two 
blastomeres divides meridianally and the other divides equatorially. In many mammals, 
the mitotic spindle of one of the blastomeres rotates 90° during the second cleavage 
division, which yields a crosswise arrangement of blastomeres at the 4-cell stage. This 
type of cleavage is called rotational cleavage [ 2 ]. Thirdly, the marked asynchrony 
of early cell division is the important feature of human cleavage [ 3 – 5 ]. All blasto-
meres do not divide at same time. Thus, human embryos frequently contain odd 
numbers of cells instead of typical doublings of cells from 2- to 4-to 8-cell stages. 
Fourthly, unlike almost all other animal genomes, the mammalian genome is 
activated during early cleavage, and produces the proteins necessary for cleavage to 
occur [ 6 ,  7 ]. 

 Finally, the most important feature of human zygote cleavage involves com-
paction where changes take place to form a “compact” ball of cells [ 8 – 10 ]. Until the 
8-cell stage mouse blastomeres form a loose arrangement with plenty of space 
between them, where accumulation of fl uid takes place inside the embryo. During 
compacting process, the blastomeres undergo a spectacular change, they fl atten 
and become tightly joined, maximizing their contact with one another and forming 
a compact ball of cells [ 11 – 13 ]. The cells within the compacted sphere form 
stabilized tight junctions, which prevent the free exchange of fl uid between the 
inside and the outside of the embryo, and, enable small molecules and ions to pass 
between cells [ 14 ].  

2.1.2     Formation of Morula and the Transition 
from Morula to Blastocyst 

 The cells of the compacted 8-cell embryo divide to produce a 16-cell morula 
(mulberry), consisting of a small group of internal cells surrounded by a larger 
group of external cells [ 15 ]. In this process, blastomeres tightly align themselves 
against each other to form a compact ball of cells, enclosed within the zona pellucia. 
In morula, two distinct populations of cells begin to appear; inner cells which form 
inner cell mass are distinguishable from the surrounding cells which form the 
external cell mass [ 16 ,  17 ]. Most of the descendants of the external cells constitute 
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the outer wall of the blastocyst, collectively called the trophoblast, which assume 
the confi guration and many of the properties of epithelial cells. Trophoblast 
covering the embryonic pole of the blastocyst is called polar trophoblast formed by 
30 cells, while that occupying the rest of the wall including the embryonic pole is 
called mural trophoblast and is comprised of about 60 cells [ 18 ], and they later 
contributes to extra-embryonic structures and the embryonic part of placenta. Thus, 
the embryo derives from the inner cell mass of the morula at the 16-cells stage, a 
group of clustered blastomeres, formed by only 8 cells and also called embryoblast, 
supplemented by cells dividing from the trophoblast during the transition to the 
32-cell stage [ 19 ]. The resulting structure, called the blastocyst, is another hallmark 
of mammalian cleavage. 

 Some embryologists conclude that the position of a blastomere in the morula 
determines whether it will become part of the trophoblast or the inner cell mass 
[ 20 – 22 ]. According to the “inside-outside” hypothesis, the external cells create a 
unique microenvironment and enable cells of the morula which have no contact 
with the exterior to develop into the inner cell mass, whereas cells located at 
the surface of the morula, presumably because of physiological functions required 
by their superfi cial position, are channelled into becoming trophoblastic epithelium. 
Tight junctions between outer cells are thought to preserve the environmental 
differences between outer and inner cells. But an alternate hypothesis, the “polariza-
tion” or “cytoplasmic segregation” hypothesis, relates the differentiation of the two 
cell types to gradients of cytoplasmic determinants which become segregated into 
internal or external blastomeres as cleavage divisions proceeds. 

 External cells produce no embryonic structures. Rather, they form the tissue of 
the chorion, the embryonic portion of the placenta that enables transfer of oxygen 
and nutrients from the mother. The chorion also produces hormones to enable 
the mother’s uterus to retain the fetus, and, regulators of the immune response so 
that the mother will not reject the embryos as it would be an organ graft. An unusual 
feature of trophoblastic cells is that maternal X-chromosomal genes are pre-
ferentially expressed and paternal genes are inactivated [ 23 ,  24 ]. 

 Cells in the inner cell mass join to one another with communicating gap junctions, 
and, they retain the ability to reaggregate if separated or mixed with cells of other 
embryos. Cells in the inner cell mass can neither pump fl uid nor evoke the decidual 
reaction, as can be seen in the cells of the trophoblastic layer. They are destined to 
form the embryo and its associated yolk sac, allantois, and amnion. By the 64-cell 
stage, the inner cell mass (approximately 13 cells) and the trophoblast cells have 
become separate cell layers, neither contributing cells to the other group [ 25 ]. 
Thus, the distinction between trophoblast and inner cell mass blastomeres represents 
the fi rst differentiation event in mammalian development. This differentiation is 
required for the early mammalian embryo to adhere to the uterus. The inner cell 
mass actively supports the trophoblast, secreting proteins that cause trophoblast 
cells to divide. 

 Initially, the morula does not have an internal cavity. However, during “cavitation” 
the trophoblast cells secrete fl uid into the morula to create a blastocele, or, the 
blastocyst cavity. There are two obvious changes during the transition from morula 
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to blastocyst, one is a rapid enlargement of blastocyst cavity and the second is the 
emergence of “inside-outside” cell mass within the embryo. During this time, the zona 
pellucida covering the outer blastocyst avoid adhering to the oviduct walls. When 
the embryo reaches the uterus, however, it must “hatch” from the zona so that it can 
adhere to the uterine wall.  

2.1.3     Regulation During Cleavage and Blastulation 

 Early in the 1880s, Weismann put forward a model of development in which the 
nucleus of the zygote contains a number of special factors, or, determinants. These 
determinants distribute unequally to the daughter cells from cleavage, and, control 
the future development of cells. This type of model was termed ‘mosaic’, as the egg 
could be considered to be a mosaic of discrete, localized determinants [ 26 – 28 ]. In 
the late 1880s, the germen embryologist, Wilhelm Roux, destroyed one of the two 
cells in frog embryos with a hot needle and found that the undamaged cell developed 
into a well-formed half-larva, but in the damaged half of the embryos, no cells 
formed, thus providing the initial support for Weismann’s ideas [ 29 ]. However 
Hans Driesch demonstrated the developmental process known as “regulation”, and 
illustrated that an embryo is able to develop normally even when some portions are 
removed, or rearranged [ 30 ]. Later, Hans Spemann and his assistant Hilde Mangold 
assembled the famous theory, known as the Spemann-Mangold “organizer” [ 31 ]. 
They showed that a partial second embryo may be induced by grafting one small 
region of an early new embryo onto another at the same stage. This small region they 
called the organizer, since it seemed to be ultimately responsible for controlling the 
organization of a complete embryonic body. In fact, early development is controlled 
by the genotype, and, environmental factors interacting with the genotype to infl uence 
the phenotype. Despite having identical genotypes, identical twins can develop 
considerable differences in their phenotypes as they grow up and these tend to 
become more evident with age. 

 In summary, the potential for development of cells in an early embryo is usually 
much greater than their normal fate, but this potential becomes restricted as develop-
ment proceeds. Inductive interactions, involving signals from one cell to another, 
are one of the primary ways of leading development. Asymmetric cell divisions, in 
which cytoplasmic components are unequally distributed to daughter cells, can also 
make cells into different fates. The embryo contains a generative, not a descriptive, 
program—it is more like the instructions for making a structure by paper folding 
than a blueprint [ 32 ]. 

 A number of investigations of early development in hybrid embryos, particularly 
sea urchin embryos, show that many features such as the rate of cleavage, follow the 
instructions of the maternal, rather than the paternal, genome [ 33 ]. The pattern of 
molecular activities of early development in mammals differs from that in the 
sea urchin and in other vertebrates that have been studied. In the mouse, enough 
informational macromolecules accumulate in the developing oocyte to guide the 
zygote through the fi rst cleavage division, but a rapid switching over from control 
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by the maternal to the embryonic genome begins at the two-cell stage [ 34 ,  35 ]. 
Demonstrations of high rates of degradation of maternal RNAs, a burst of synthesis 
of new RNAs, blockage of development past the two-cell stage by the transcriptional 
inhibitors actinomycin D and alpha-amanitin, changing patterns of polypeptide 
synthesis, and results of crosses of parents with differing variants of key enzymes 
confi rm this change of control [ 36 ]. 

 Patterns of protein synthesis in the early mammalian embryo are complex. 
During the fi rst cleavage division there is evidence for protein synthesis that takes 
place whether or not fertilization has occurred, and, the synthesis of other proteins 
that occurs only as a result of fertilization. Most of these early proteins are made 
from maternal mRNAs [ 37 ]. As might be expected, the synthesis of histones is 
prominent during cleavage. There is little evidence that any maternal mRNAs 
guide protein synthesis after the four-cell stage [ 38 ]. The processes of cavitation, 
compaction, and formation of the blastocyst are under the control of the embryonic 
genome. Overall, the rates of protein synthesis are low until about the 8-cell stage. 
Thereafter there is a sharp increase in the production of ribosomes and protein 
synthesis.   

2.2     Dynamic Epigenetic Modification—Parental Imprinting 

 In mammals, the contributions of gametes, both the egg and the sperm, to the 
developing diploid embryo are unequal. Functional differences exist between 
the two sets of parental chromosomes due to “genomic imprinting”. Imprinting is a 
particularly important genetic mechanism in mammals, and may infl uence the 
transfer of nutrients to the fetus and the newborn from the mother. The effect of the 
imprint on gene activity is to allow the expression of some imprinted genes from 
either the maternally- inherited chromosome, or, others from the paternally-inherited 
chromosome. Imprinting is involved in the process of development and aberrant 
imprinting may cause various disease syndromes in mammals. It is not known why 
such a process evolved, nor are the precise mechanisms involved in the regulation 
of imprinted genes fully understood. However, it follows that the dosage of an 
imprinted gene can either be doubled or lost completely if there is uniparental 
duplication or defi ciency involving the gene or chromosomal region in which it 
resides. Such aberrations can have profound effects on mammalian embryonic 
development and can cause human disease. 

 Parental imprinting may be a functional refl ection of different patterns of DNA 
methylation during gametogenesis in males and females. The methylation pattern 
that a zygote inherits is transmitted to all daughter cell after mitosis, even in postnatal 
life. When gametes enter meiosis the original imprints on the chromosomes are 
erased and new imprints are made. Sperm chromosomes receive a paternal imprint 
and egg chromosomes receive a maternal imprint. Imprints are ‘established’ during the 
development of germ cells into sperm or eggs, and, are necessary for normal fetal 
development [ 39 ,  40 ]. It is common that the established imprints are ‘maintained’ 
following with the duplication of chromosomes and segregate in the developing 
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organism. The competed imprints cycle contains, (1) imprints are ‘erased’ at an 
early stage, and (2) new imprints must be re-established at a later stage of germ-cell 
development. But in somatic cells, imprints are maintained and modifi ed during 
development. 

 The resetting of imprint is a critical portion of epigenetic re-programming in 
germ cells. For most imprints, current evidence indicates that there might be 
two stages for this resetting process—the step of “erasure” and the later step of 
“establishment”. Several studies have now demonstrated that the erasure of at least 
methylation imprints occurs in the germline and it is completed by embryonic day 
12–13 (E12–13) in both sexes, after the PGCs enter the gonadal ridge [ 40 ]. Indeed, 
in female embryo germ cells-somatic hybrid cells there were striking changes in 
methylation of the somatic nucleus, resulting in demethylation of several imprinted 
and non-imprinted genes, whether this demethylation is active or passive is not 
known [ 41 ]. The evidence so far indicates that all imprints are unlikely to sustain 
unchanged as the developing embryo, whatever imprints inheriting from a parent 
with the same sex, and it is obvious that methylation and demethylation of imprinted 
genes are not persisting in stationary condition, and may be functionally intact 
before the erasure stage. In addition to methylation imprints, differential replication 
of DNA is also apparently erased in both germ lines [ 42 ]. After erasure of germline 
methylation imprints, differentiating germ cell genomes must become maternalised 
or paternalised depending on germ cell sex, and this must occur before the onset of 
meiosis. In the female germline, imprints are re-established in growing oocytes. 
During the transition from primordial to antral follicles, the erasure and establish-
ment of imprinted genes are not synchronized to oocyte [ 43 ,  44 ]. In the process of 
imprinting establishment, de novo methylation begins in both germ lines at late fetal 
stages, and continues after birth. It is not fully understood which enzymes are 
responsible for de novo methylation in germ cells. Dnmt1 (DNA methyltransferase 1) 
and its germ-cell specifi c isoforms, Dnmt3a or Dnmt3b are candidates, which are 
required for de novo methylation in postimplantation embryos [ 45 ]. DNA methyla-
tion in mammals occurs in the dinucleotide CpG. Allele-specifi c methylation 
patterns are maintained due to presence of repetitive sequence regions near DMRs. 
Methyl groups can be introduced into unmethylated DNA by the de novo methylation 
enzymes Dnmt3a and Dnmt3b (and perhaps others). Once the imprints cycle 
are completed in the early embryo, and, fully matured during differentiation, it 
begins to the shift from the resetting of imprints into differential gene expression. 
Differential gene expression occurs largely at the level of transcription, although 
post-transcriptional mechanisms may also exist.  

2.3     Implantation of the Blastocyst 

 While the embryo is passing through the oviduct to the uterus, the blastocyst 
expands within the zona pellucida. After the blastocyst enters the uterus cavity, the 
zona pellucida exposing the trophoblast layer in blastocyst disappears, so that the 
blastocyst can adhere to the uterine wall. Fluid accumulation in the blastocyst cavity 
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is the product of a sodium pump (a N + /K +  ATPase) system in the plasma membranes 
of the trophoblast cells [ 46 ,  47 ]. This sodium pump faces the blastocoele, and pumps 
sodium ions, accompanied by water molecules, among the inner blastomeres 
in exchange for intra-embryonic H + , which is transported out of the embryo. 
Accordingly, by the accumulation of sodium ions into the central cavity, the 
blastocoele draw in water osmotically and become enlarged. The early mammalian 
blastocyst remains enclosed within the zona pellucida, but the overall size of the 
embryo increases because of this accumulation of fl uid. Thus, the blastocyst is able 
to “hatch” from the zona pellucida. The mouse blastocyst hatches from the zona by 
lysing a small hole in it and squeezing through that hole as the blastocyst expands. 
This small hole is due to the effort of strypsin a trypsin-like protease on the tropho-
blast cell membranes [ 48 ,  49 ]. 

 Once out of the zona pellucida, the blastocyst makes direct contact with the uterus. 
Decidualisation of the uterine endometrium takes place by enlargement of stromal 
cells which become vacuolated and fi lled with glycogen and lipids. The uterine 
epithelium matrix contains collagen, laminin, fi bronectin, hyaluronic acid, and 
heparin sulfate receptors [ 50 ,  51 ]. So, the trophoblast cells contain integrins that 
will bind to the uterine collagen, fi bronectin, and laminin, and they synthesize hepa-
ran sulfate proteoglycan precisely prior to implantation. Once in contact with the 
endometrium, the trophoblast secrets another set of proteases, including collagenase, 
stromelysin, and plasminogen activator. These protein-digesting enzymes digest 
the extracellular matrix of the uterine tissue, enabling the blastocyst to bury itself 
within the uterine wall. Thus, sticky and polar trophoblast adheres with the 
hormonally-prepared endometrium (now called decidua). 

 The adhesion process is assisted by the interaction of substance, pentasaccha-
ride lacto-N-fucopentose-1 on the epithelium and its receptors on the trophoblasts 
[ 52 ]. The blastocysts then erode and burrow into the decidua with the help of 
proteolytic enzymes secreted by the trophoblast. Eventually it is completely 
buried under the mucosa. The implantation of the blastocyst takes place on 6th 
or 7th day after fertilization. The site of implantation normally is the dorsal 
wall near the junction of fundus and body of uterus. But implantation may take 
place anywhere in the upper part of uterine cavity. Sources of nutrition for the 
embedded embryo are glycogen and lipid fi lled decidual cells until the placenta 
becomes functional.  

2.4     Formation and Differentiation of Three Germinal Layers 

 In the course of the second week the embryoblast differentiates into two germinal 
layers: the epiblast and the hypoblast. The tissue of the embryo as well as the amniotic 
epithelium will arise out of the epiblast. And the hypoblast forms the umbilical 
vesicle. During the 3rd week of its development, the epiblast experiences a number 
of complex changes that lead to the differentiation of three embryonic germinal layers: 
ectoderm, mesoderm, and endoderm [ 1 ]. The hypoblast, or primitive endoderm, will 
generate extraembryonic tissues only, such as the lining of the primary (primitive) 
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yolk sac (exocoelomic cavity). Each of the three germ layers gives rise to different 
structures and organs. As the result of the organogenesis, the appearance of the 
embryo alters considerably [ 14 ]. 

 These three germ layers take part in establishing the functional organs and 
organ systems [ 28 ]. Each germ layer has particular characteristics, but each can 
constitute extra structures under certain natural or experimental effects (e.g., trans-
plantation). Therefore, the germ layers are no longer believed entirely specifi c to 
different groups of tissues. During this important period, the exposure of the 
embryo to certain drugs or reagents may result in major congenital malformations 
because the precursors of the major organ systems are growing and developing at 
a considerable rate. 

2.4.1     Formation of Endoderm 

 Cells migrating inward along the archenteron constitute the inner layer of the 
gastrula, and leads to the formation the endoderm [ 53 ]. Development of the blasto-
dermic vesicle is followed by the separation of cells from the inner cell mass. 
The detached cells thrust into the blastocoele to constitute the embryonal endoderm 
or hypoblast. These cells speedily increase in number to construct the second 
complete layer inside the original outer layer of the blastodermic vesicle [ 54 ]. 

 A section of the embryo during this stage displays a tube enclosed within 
a tube. This inner tube is surrounded by endoderm, and, constitutes the primitive 
gut. The primitive gut differentiates into two parts; the embryonal part constitutes 
the gut tract, and, the distal sac constitutes the yolk sac that communicates with the 
gut of the embryo. After the construction of the endoderm, the leftover cells of 
the inner cell mass gets coalesce by the steady organisation of cells to form the 
embryonic disc [ 54 ]. 

 Ectoderm gives rise to the epidermis and epidermal derivatives of the integu-
mentary system, including hair follicles, nails, and glands that make contact with 
the skin surface (i.e., the sudoriferous, mammary, and sebaceous glands). The lining 
of the mouth, salivary glands, nasal passageways, and anus come from ectoderm, as 
does portions of the skull, pharyngeal arches, teeth, and endocrine system (pituitary 
and parts of adrenal glands) [ 55 ].  

2.4.2     Formation of Mesoderm 

 During the gastrulation period, some of the cells shift inward to the mesoderm, a 
supplementary layer between the endoderm and the ectoderm. Developments within 
the mesoderm give rise to a coelom containing organs that can move, grow, and 
develop freely, independent of the body wall while fl uid cushions and protects them 
from shocks [ 56 ]. Mesoderm gives rise to the lining of the pleural, pericardial, and 
peritoneal cavities, the muscular, skeletal, cardiovascular, and lymphatic systems, the 
kidneys and portions of the urinary tract, the gonads and most of the reproductive 
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tracts, and the connective tissues that support all organ systems. Portions of the 
endocrine system (parts of the adrenal glands and endocrine tissues of the reproduc-
tive system) also originate from mesoderm [ 55 ].  

2.4.3     Formation of Ectoderm 

 After the construction of the mesoderm, the leftover cells of the embryonic 
disc organize themselves outside the mesoderm to constitute the ectoderm. The 
ectoderm is the beginning of a structure that covers the body surfaces [ 57 ]. It gives 
rise to most of the epithelium of the digestive system (except the mouth and anus), 
the exocrine glands (except salivary glands), and the liver and pancreas. Most of the 
respiratory system, including the epithelium (except that of the nasal passageways) 
and mucous glands originates from endoderm, as does portions of the urinary and 
reproductive systems (ducts and the stem cells that produce gametes). Portions of 
the endocrine system (thymus, parathyroid, and pancreas) also come from endo-
derm [ 58 ].  

2.4.4     Neurulation and Organogenesis 

 Neurulation follows gastrulation. During this period, the primordium of nervous 
system, also known as the neural plate is laid down., The neural crest is often 
regarded as a fourth germ layer, because of its great signifi cance however, it is 
produced from the ectoderm. Neurulation is followed by organogenesis. During this 
stage, diverse organs of the foetus develop and begin to function [ 59 ].  

2.4.5     Amnion and Allantois 

 Amnion surrounds the embryo. It protects the embryo from injury because the 
amniotic cavity is fi lled with amniotic fl uid. The amniotic cavity uses a thick 
umbilical cord to hang the embryo. The cord is attached to the midgut region of 
the embryo. The umbilical cord provides the main blood vessels between fetus 
and placenta [ 60 ]. Another cavity, the allantois develops with the amniotic cavity. 
It removes waste and provides nutrients for embryo [ 61 ].  

2.4.6     Chorion 

 The outermost layer that encircles the embryo is known as chorion. It consists of an 
outer layer of trophoblast and an inner layer of mesoderm. It dissolves with the 
lining of the allantois to establish allanto–chorion. Chorion helps to exchange 
gases at his stage, and, develops into the placenta with important roles in nutrition, 
excretion and respiration.   
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2.5     Intrauterine Development of the Fetus 

 The fetal period refers to the time period following the embryonic period (9th week 
of development) until birth, about ten lunar months after fertilization (usually about 
38 weeks). Development from this period consists of the growth, maturation and 
refi nement of organ systems formed during the embryonic period. A small amount 
of tissue differentiation and organ development still occurs during the fetal stage. 
During weeks 10–20, the fetus grows primarily in length. During weeks 21–40, the 
fetus grows primarily in weight. The stages of development of organs from embryo 
to fetus are illustrated below (Fig.  2.1 ).

2.5.1       Fetal Circulation 

 Structural differentiation of the heart takes place during the embryonic period. 
The myocardium grows by cell division until birth, and growth beyond birth is 
due to cell enlargement. The density of myofi brils increases particularly in early 

  Fig. 2.1    Development of organs from embryo to fetus       
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pregnancy and the contractility continues to improve during the second half of 
pregnancy. The blood volume in the fetus is 10–12 % of the body weight, compared 
with 7–8 % in adults. The main reason for this difference is the large volume of blood 
contained in the placenta; the volume reduces as gestation progresses. Compared 
with adults, the fetus is able to regulate and restore the blood volume faster due to 
high diffusion rates between fetal compartments. 

 Oxygen and nutrient materials for fetal development and maturation are delivered 
from the placenta by umbilical vein. The umbilical vein divides into the ductus 
venosus and the portal sinus. The former is the main branch of the umbilical vein 
and passes the liver to enter the inferior vena cava, carrying oxygenated blood to the 
heart. The portal sinus carries blood to the hepatic veins primarily on the left side of 
the liver. Relatively deoxygenated blood from the liver then fl ows to the inferior 
vena cava. The inferior vena cava receives less oxygenated blood returning from the 
lower body. Blood fl owing to the fetal heart from the inferior vena cava is made up 
of blood that passes directly through the ductus venosus and less oxygenated blood 
that returns from most of the veins. The oxygen concentration in blood to the heart 
from the inferior vena cava is lower than that leaving the placenta.  

2.5.2     Fetal Haemopoiesis 

 In early embryo, haemopoiesis fi rst appears in the yolk sac followed by the liver, and 
fi nally, the bone marrow. The fi rst erythrocytes released into the fetal circulation are 
nucleated and macrocytic [ 62 ]. During fetal growth, more and more circulating eryth-
rocytes become non-nucleated and smaller. With fetal development, both the volume of 
blood in the fetoplacental circulation and hemoglobin level increase. Fetal erythrocytes 
have a short life span about 90 days at term [ 63 ]. Therefore, red blood cell production 
increases. The fetus produces the liver enzymes and other plasma proteins [ 64 ]. The 
levels of plasma protein, albumin, lactic dehydrogenase, aspartate aminotransferase, 
and alanine transferase are all increased with fetal growth [ 65 ]. At birth, average total 
plasma protein and albumin level in fetal blood are similar to maternal levels [ 66 ].  

2.5.3     Gastrointestinal System 

 Swallowing starts from the 10th week, as does peristalsis in the small intestine 
along with the ability to transport glucose actively [ 67 ,  68 ]. Much of the swallowed 
fl uid is absorbed, and other unabsorbed material is propelled to the lower colon. 
Fetal swallowing has little effect on amniotic fl uid volume early in pregnancy. 
Fetuses at term swallow between 200 and 760 mL/day [ 69 ]. Digestive enzymes and 
hydrochloric acid are present in the stomach and small intestine in small amounts in 
the early fetus. Intrinsic factors can be detected at 11 weeks, and pepsinogen at 
16 weeks [ 70 ]. The emptying ability of the stomach appears to be stimulated pri-
marily by volume. Amniotic fl uid movement through the gastrointestinal system 
may have an important role in the development of the alimentary canal.  
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2.5.4     Liver 

 The fetal liver converts free unconjugated bilirubin into conjugated bilirubin 
which varies with gestational age. The fetal liver conjugates only a small fraction 
that is excreted into the intestinal tube and oxidized to biliverdin. Much of the 
unconjugated bilirubin is excreted to the amniotic fl uid after 12 weeks and is 
transferred through the placenta [ 71 ]. Most fetal cholesterol is synthesized in liver 
to meet the demand for LDL cholesterol by the fetal adrenal glands. Serum liver 
enzyme concentrations increase with fetal growth. Hepatic glycogen begins to 
appear during the second trimester and increase near term. After birth, glycogen 
content falls again.  

2.5.5     Pancreas 

 Insulin in fetal plasma can be detected at 12 weeks, and insulin-containing granules 
can be identifi ed by 9–10 weeks [ 72 ]. The pancreas responds to hyperglycemia by 
secreting insulin [ 73 ]. Glucagon has been identifi ed in the pancreas at 8-week fetus. 
Most pancreatic enzymes are present from 16 weeks. Trypsin, chymotrypsin, 
phospholipase A, and lipase are found at 14 weeks fetus at low levels, and begin 
to increase with gestation [ 74 ]. Amylase has been identifi ed in amniotic fl uid at 
14 weeks [ 75 ].  

2.5.6     Urinary System 

 Organogenesis of kidney is the result of interactions between the undifferenti-
ated metanephric blastema and the ureteric bud, a branching epithelial structure 
emerging from the Wolffi an duct. As the tips of the ureteric bud interact with the 
metanephric blastema, they induce local mesenchymal cells to condense and 
undergo a mesenchymal-to-epithelial conversion process, which forms the neph-
ron [ 76 ]. At the end of nephrogenesis, a permanent number of nephrons have 
formed. 

 The pronephros and the mesonephros precede the development of the meta-
nephros. The mesonephros begins to produce urine from 5 weeks and degenerates 
at 11–12 weeks. Between 9 and 12 weeks, the ureteric bud and the nephrogenic 
blastema produce the metanephros [ 77 ]. New nephrons continue to be formed until 
36 weeks. The urethra develops from the urogenital sinus, and the bladder develops 
from the urogenital sinus and allantois. At week 14, the ability to reabsorb occurs 
and the loop of Henle begins to function [ 78 ]. Renal vascular resistance is high, 
and the fi ltration fraction is low [ 78 ]. The fetal kidneys start to produce urine at 
12 weeks producing 7–14 mL/day at 18 weeks increasing to 650 mL/day at term 
[ 79 ]. Fetal renal blood fl ow and thus urine production are infl uenced by several 
systems, such as the atrial natriuretic peptide, sympathetic nervous system, prosta-
glandins, and kallikrein.  
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2.5.7     Lungs 

 There are three essential stages of lung development [ 59 ]: The pseudoglandular 
stage when the lung looks like a gland microscopically between 5 and 17 weeks. 
The canalicular stage is from 16 to 25 weeks when each terminal bronchiole divides 
into several respiratory bronchioles, and these respiratory bronchioles divide into 
several saccular ducts. The terminal sac stage starts at 25 weeks when alveoli form 
terminal sacs. At the same time, the extracellular matrix develops from lung 
segments and type II pneumonocytes start to produce surfactant.  

2.5.8     Endocrine Glands 

2.5.8.1     Pituitary Gland 
 The pituitary adenohypophysis derives from Rathke’s pouch, and the neuro-
hypophysis develops from neuroectoderm. The adenohypophysis, or anterior pituitary, 
differentiates into fi ve different cell types which secrete six important protein 
hormones; lactotropes produce prolactin, somatotropes produce growth hormone, 
corticotropes produce corticotrophin, thyrotropes produce thyroid-stimulating 
hormone; and gonadotropes produce luteinizing hormone and follicle-stimulating 
hormone. The posterior pituitary gland develops at 10–12 weeks, and oxytocin and 
arginine vasopressin conserve water actively at the lung and placenta [ 80 ,  81 ].  

2.5.8.2     Thyroid Gland 
 The thyroid gland begins to synthesize hormones from 10 to 12 weeks, and 
thyroid- stimulating hormone, thyroxine, and thyroid-binding globulin can be 
detected in fetal serum from 11 weeks [ 82 ]. The placenta actively concentrates 
iodide on the fetal side. From 12 weeks to term, the fetal thyroid concentrates 
iodide avidly. Normal fetal levels of free thyroxine (T4), free triiodothyronine 
(T3), and thyroxin- binding globulin increase with fetal growth [ 82 ]. By 36 weeks, 
total and free T3 concentrations are lower; fetal TSH concentration is higher, 
and T4 is similar when compared with adult levels [ 83 ,  84 ]. Thyroid hormone 
plays an important role in fetal development, especially the fetal brain. The 
placenta prevents maternal thyroid hormones passing to the fetus by rapidly 
de-iodinating maternal T4 and T3 to form reverse T3, a relatively inactive thyroid 
hormone [ 85 ].  

2.5.8.3     Adrenal Glands 
 The bulk of adrenal glands consist of the inner or fetal zone of the adrenal cortex 
and involutes rapidly after birth. The fetal adrenal glands play an important role, 
mainly through steroidogenesis, in the regulation of intrauterine homeostasis and in 
fetal development and maturation. The steroidogenesis is characterized by transient 
cortisol biosynthesis during early gestational period, followed by its limited synthesis 
until late gestation. The dehydroepiandrosterone and precursors of placental estrogen 
are produced throughout gestation.    
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2.6     Development of Genitalia 

2.6.1     Embryology of Uterus and Oviducts 

 The uterus and tubes arise from the Müllerian ducts, then appear near the upper region 
of the urogenital ridge at 5 weeks. This urogenital ridge consists of the mesonephros, 
gonad, and related ducts. The fi rst indication of Müllerian duct development is a 
thickening of the coelomic epithelium at the level of the 4th thoracic segment. At 6 
weeks, the growing tips of two Müllerian ducts move to each other in the midline 
region to reach the urogenital sinus by 7 weeks. At the same time, the two Müllerian 
ducts fuse to form a single canal at the level of the inguinal crest. The upper pole 
of the Müllerian ducts give rise to the fallopian tube, and the fused parts produce the 
uterus. The vaginal canal extends throughout its entire length from 24 weeks [ 86 ].  

2.6.2     Embryology of the Ovaries 

 Gonads form on the ventral surface of the embryonic kidney between the 8th thoracic 
and 4th lumbar segments at about 4 weeks. At 4–6 weeks, the primordial germ cells 
are characterized by their large size and special morphology and cytochemical 
features. These germ cells have migrated into the body of the embryo from the yolk 
sac. After the primordial germ cells move to the genital area, some enter the germinal 
epithelium and others mingle with the cells in the mesenchyme. From 6 weeks, all 
the cells begin to rapidly differentiate to form a prominent genital ridge which 
projects into the body cavity medially to Müllerian ducts. At 7 weeks, it is separated 
from the mesonephros and the sexes can be distinguished at this time. 

 In the female embryo, the germinal epithelium proliferates for a longer time and 
cells lie at fi rst in the region of the hilum. The sex cords appear as connective tissue 
develops between them and form the medullary cords [ 87 ]. The bulk of the ovary is 
made up of cortex. Strands of cells extend from the germinal epithelium to the cortical 
mass and mitoses are remarkable. The rapid pace of mitoses reduces the size of the 
germ cells to differentiate from the neighboring cells. These germ cells are now 
called oogonia. 

 At 16 weeks, some germ cells in the medullary region start to enlarge. These 
primary oocytes are at early phase of development and many oocytes undergo 
degeneration before and after birth. A single layer of fl attened follicular cells are 
called primordial follicles and fi rst seen in the medulla, then in the cortex. Some 
follicles begin to grow even before birth, and some would persist in the cortex until 
menopause. At 32 weeks, the ovary has become a long, narrow and lobulated 
structure. The germinal epithelium has been separated by tunica albuginea. Underlying 
the cortex, there are two distinct zones; in the outer zone there are nests of germ 
cells in meiotic synapsis, interspersed with Pfl üger cords and strands of connective 
tissue, whereas, in the inner zone, there are many germ cells in synapsis, primary 
oocytes, follicular cells, and a few primordial follicles.   
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2.7     Fetal Nutrition 

 Nutrition is the major intrauterine environmental factor that affects expression of 
the fetal genome and may have lifelong consequences. This phenomenon, termed 
“fetal programming,” has led to the recent theory of “fetal origins of adult disease.” 
Namely, alterations in endocrine status and fetal nutrition may affect fetal development 
adaptations that permanently change the fetal structure, physiology, and metabo-
lism, thereby predisposing individuals to endocrine, metabolic, and cardiovascular 
diseases in later life time. 

2.7.1     Glucose and Fetal Growth 

 The fetal depends on the mother for nutrition. At the same time, the fetus also 
participates to provide for its own nutrition. Glucose is the major nutrient for fetal 
growth and energy. At second trimester, fetal glucose levels are independent of 
maternal levels [ 88 ]. Some mechanisms exist to allow the maternal supply satisfy 
the fetal needs.  

2.7.2     Leptin 

 During pregnancy, mother, fetus, and placenta produce leptin. Syncytiotrophoblasts 
and fetal vascular endothelial cells express leptin. Five per cent of leptin from 
the placenta enters the fetal circulation, whereas the remainder is transferred to the 
mother [ 89 ]. Thus, the placenta greatly contributes to maternal leptin concen-
trations. Fetal concentrations begin to increase at 34 weeks and correlate with 
fetal weight [ 90 ].  

2.7.3     Triglycerides and Free Fatty Acids 

 The mechanism of uptake and use of low-density lipoprotein (LDL) in the 
placenta is for fetal assimilation of amino acids and essential fatty acids. 
Maternal LDLs bind to LDL receptors on the syncytiotrophoblasts of the 
placenta. Larger LDLs are taken up by the procedure of receptor-mediated 
endocytosis. The apoprotein and cholesterol esters of LDL are hydrolyzed by 
lysosomal enzymes in the syncytium. Arachidonic acid and linoleic acid must be 
absorbed from maternal intake. The fetus at term has a large proportion of fat 
indicating a substantial part of the substrate to the fetus is formed as fat [ 91 ]. 
Glycerol but neutral fat does not cross the placenta, and fatty acids are synthesized 
in the placenta. Lipoprotein lipase is present on the maternal side but not on the 
fetal side of the placenta. Fatty acids are transformed into triacylglycerols in the 
fetal liver.  
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2.7.4     Amino Acids 

 The placenta synthesizes a large number of amino acids [ 92 ]. Neutral amino acids 
from maternal plasma are taken up by trophoblasts by at least three processes. Amino 
acids are concentrated in syncytiotrophoblasts and transferred to the fetal side by 
diffusion. The concentration of amino acids in umbilical cord plasma is greater than in 
maternal venous or arterial plasma [ 93 ]. Ability of the transport systems is infl uenced 
by gestational age and environmental factors such as under- and over-nutrition, heat 
stress, growth hormone, glucocorticoids, and leptin [ 94 ]. It is demonstrated that 
amino acids transport is associated with fetal growth [ 95 ].  

2.7.5     Proteins 

 Larger proteins are limited to transfer to placenta except for IgG which is present in 
approximately the same concentrations in maternal sera and cord, but IgM and IgA 
of maternal origin are effectively excluded from the fetus [ 96 ].  

2.7.6     Ions and Trace Metals 

 Transportation for iodide is a carrier-mediated, energy-requiring, active pro-
cess. The placenta concentrates iodide. The zinc levels in the fetal plasma are 
greater than those in maternal plasma. While the copper concentrations in fetal 
plasma are less than those in maternal plasma because copper-requiring enzymes 
are necessary for fetal development.  

2.7.7     Calcium and Phosphorus 

 These maternal minerals are transported to the fetus actively. A calcium-binding 
protein is present in placenta. Parathyroid hormone-related protein (PTH-rP) acts as 
a surrogate PTH, including the movement of calcium ions and the activation of 
adenylate cyclase. PTH-rP is produced by the placenta and parathyroid glands, 
kidney, and other fetal tissues. Additionally, PTH is not detectable in fetal plasma, 
but PTH-rP is present [ 97 ]. The amount of cytotrophoblastic PTH-rP is affected by 
the level of extracellular Ca 2+  [ 98 ]. The PTH-rP in placenta, decidua, and other fetal 
tissues is important for Ca 2+  transfer and homeostasis in the fetus.  

2.7.8     Vitamins 

 The fetal level of vitamin A is greater than that of the mother. Vitamin A binds 
to retinol-binding protein and prealbumin. The vitamin C transport from mother to 
fetus is an energy-dependent, carrier-mediated process. The levels of the principal 

A.-X. Liu et al.



55

vitamin D metabolites are greater in maternal plasma than those in fetal 
plasma. The 1-hydroxylation of 25-hydroxyvitamin D3 takes place in decidua and 
placenta.  

2.7.9     Amnionic Fluid 

 In early pregnancy, amniotic fl uid comes from the ultrafi ltrate of maternal plasma. 
At the early part of second trimester, amniotic fl uid is made of extracellular fl uid 
through the fetal skin and refl ects the composition of fetal plasma [ 99 ]. After 20 
gestational weeks, amniotic fl uid is composed largely of fetal urine, and the cornifi -
cation of fetal skin prevents this diffusion. Fetal kidneys start producing urine from 
12 weeks, and by 18 weeks, they are producing 7–14 mL/day. Fetal urine contains 
of higher levels of urea, creatinine, and uric acid than those of fetal plasma. Amniotic 
fl uid also contains desquamated fetal cells, lanugo, vernix, and other secretions. 
Pulmonary fl uid contributes only a small proportion of the amniotic fl uid volume. 
The volume of amniotic fl uid at each week is quite variable. In general, the volume 
increases by 10 mL/week at 8 weeks and increases up to 60 mL/week at 21 weeks, 
then declines gradually back to a steady state by 33 weeks [ 100 ]. 

 Amniotic fl uid plays a very important role in the fetal development. Amniotic 
fl uid helps to cushion the fetus, improves musculoskeletal development and protects 
it from trauma. It also keeps temperature and has a minimal nutritive function. 
Ingestion of fl uid into the gastrointestinal tract and inhalation may promote the 
pulmonary growth and differentiation of these tissues.      
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    Abstract  
  The ‘fetal origins of adult disease (FOAD)’ hypothesis proposes that 
 developmental programming during gestation may infl uence adult health and 
disease [1]. It suggests a process where events occurring at critical, or sensitive, 
periods of fetal development, permanently alter structure, physiology, or 
metabolism. These changes predispose affected individuals to diseases in 
later life. 

 Barker and his colleagues were the fi rst to develop the concept of FOAD 
based on signifi cant associations between low birthweight and the risk of chronic 
diseases in adulthood, including coronary artery disease, hypertension and stroke, 
type 2 diabetes, and osteoporosis. Several other groups confi rmed associations 
between birthweight and adult health in other populations. These adverse intra-
uterine environments include gestational diabetes mellitus (GDM), intrauterine 
undernutrition and pre-eclampsia, which are common and severe gestational 
complications. Furthermore, certain antenatal nutritional disturbances can 
increase the risk of diseases later in life without affecting fetal growth. In this 
chapter, we will discuss the evidence related to adverse intrauterine environment 
and embryo-fetal origins of diseases.  
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3.1         Gestational Diabetes Mellitus and Adult Disease 

 GDM is a common medical complication of pregnancy. It is defi ned as any degree 
of glucose intolerance that was not present, or recognized, prior to pregnancy. GDM 
affects between 2 and 5 % of pregnant women [ 2 ]. Intrauterine hyperglycemia has 
detrimental effects on both mother and fetus. There is increasing evidence that 
women with GDM are at increased risk of cardiovascular disease, type 2 diabetes 
and other metabolic diseases of their offspring compared with women without 
GDM [ 3 ,  4 ]. The FOAD hypothesis proposes that although occurring in response 
to a transient phenomenon, these adaptations become permanent if they occur during 
critical periods of early development. Since the fetus is dependent on nutrients 
from the mother, offspring of GDM adapting to an increased nutrient supply, may 
be at risk of metabolic diseases in later life. For the same reason, intrauterine under-
nutrition and intrauterine growth restriction (IUGR) may permanently alter the 
endocrine and metabolic status of the fetus, thus interfering with physiological 
functions in later life.  

3.2     Intrauterine Undernutrition/Intrauterine 
Growth Restriction 

 Undernutrition is still a considerable public health problem in developing coun-
tries. Maternal undernutrition can affect several physiological functions of the 
newborn. Normal fetal growth takes place in two different stages: the fi rst stage, 
embryonic life, consists of the proliferation, organization, and differentiation of 
the embryo, whereas the second stage, fetal life, consists of the continued growing 
and functional maturation of different tissues and organs of the fetus. Clinically, 
intrauterine growth retardation (IUGR) describes newborns with a birthweight 
below the 10th percentile for their gestational age with pathological restriction of 
fetal growth due to adverse genetic or environmental infl uences. The offspring 
develop type 2 diabetes mellitus, cardiovascular diseases and metabolic syndrome 
in adult life, especially when followed by rapid postnatal ‘catch-up’ growth. 
Fetal malnutrition not only induces adaptations necessary for fetal survival 
and health, but also undermines future health if the postnatal environment is 
unfavourable. 

3.2.1     Studies in Human 

 Many epidemiological studies show that impaired fetal growth resulting from IUGR 
was associated with the development of arterial hypertension and cardiovascular 
disease, dyslipidemia, glucose intolerance or even type 2 diabetes and visceral 
adiposity during adult life [ 5 – 11 ]. All are features of the metabolic syndrome and 
contribute to morbidity and mortality in later life. These studies were undertaken in 
the UK, and subsequently confi rmed in other countries such as Holland, South 
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Africa, India and other developing countries [ 5 ,  12 – 15 ]. Short stature, premature 
adrenarche and polycystic ovarian syndrome (PCOS) are also endocrinological 
associations of IUGR [ 16 ].  

3.2.2     Epidemiological Studies 

 Intrauterine growth restriction is associated with increased risks of ischaemic heart 
disease and hypertension in later life. Vascular endothelial dysfunction has been 
implicated in hypertension, insulin resistance, type 2 diabetes and atherosclerosis. 
An increase in stiffness of large arteries causes a rise in systolic blood pressure and 
isolated systolic hypertension [ 17 ,  18 ]. Altered structure and numbers of small 
arteries and capillaries may also play a signifi cant role in the development of 
increased peripheral resistance. 

 Leptin, a major adipokine secreted by adipose tissue, regulates food intake and 
energy expenditure. Tzschoppe et al. [ 19 ] compared placental leptin synthesis 
and leptin-binding capability in venous cord blood between IUGR newborns 
(<10th percentile), and, appropriate-for-gestational age neonates (AGA, 10–90th 
percentile). They found that placental leptin synthesis was signifi cantly higher in 
IUGR infants compared to AGA infants, and, leptin-binding capability in venous 
cord blood was increased in IUGR newborns. Reduced biologically-active leptin 
levels may contribute to perturbed regulation of appetite. IUGR may also affect the 
development of adipocytes. Development of obesity is associated with increased 
adipocyte differentiation, adipocyte hypertrophy, and/or upregulation of lipogenic 
genes. As an adipogenic transcription factor, PPARG2 promotes adipocyte dif-
ferentiation and lipid storage [ 20 ]. Therefore, IUGR individuals may demonstrate 
dysregulation of appetite, and abnormal activation of adipocytes, contributing to 
development of obesity. 

 Ten per cent of children born small for gestational age (SGA) remain short, which 
constitutes a signifi cant proportion of adults with short stature. Growth hormone 
(GH) trials in the USA and in Europe led to the approval of GH for treatment of 
short stature in SGA infants. GH treatment reduces body fat while promoting lean 
body mass, with a 40 % drop in circulating high molecular weight adiponectin and 
a 30 % lowering of follistatin. The change in adiponectin may explain the decrease 
in insulin sensitivity when GH is given. Follistatin inhibits myostatin, so a decline 
in follistatin might be expected to reduce muscle mass. On the other hand, it pro-
motes adipogenesis and thus the decline contributes to the reduction in fat mass that 
occurs in response to GH [ 16 ]. 

 Reproductive endocrinology is also disturbed in IUGR infants. Young women 
are at increased risk of polycystic ovarian disease and early menarche. Leptin has 
effects upon GnRH secretion and is a risk factor for early development of puberty 
and potentially menarche. Young women who are overweight are more likely to 
suffer early puberty. The insulin-resistance and dyslipidaemia that follows SGA 
birth in young women may yield a hyperandrogenic state, resulting in premature 
pubarche followed by PCOS in adolescence. Controlled trials of metformin to 
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determine its effect on the clinical course of premature pubarche also demonstrate 
that early metformin can prevent or delay manifestations of hyperandrogenism, 
including PCOS [ 16 ].  

3.2.3     Experimental Studies 

 Insulin resistance is one of the most common adult outcomes associated with IUGR 
infants. Preterm SGA infants have lower insulin sensitivity than preterm, AGA 
infants in the fi rst few months of life [ 21 ]. Epidemiological studies demonstrate 
that IUGR infants were more likely to suffer from glucose intolerance as adults. 
A key fetal adaptation to poor fetal nutrition is upregulation of insulin receptors 
without upregulation of insulin signalling in fetal skeletal muscle [ 21 ]. However, 
postnatally in IUGR infants there is upregulation of both insulin receptors and insulin 
signalling pathways. At birth, SGA infants have low concentrations of circulating 
insulin and insulin-like growth factor-1 (IGF1). In 48 h after birth, they are more 
insulin- sensitive, and, have high plasma non-esterifi ed fatty acid (FFA). They then 
undergo a period of accelerated postnatal growth associated with increased insulin 
sensitivity. This early period of increased insulin sensitivity and accelerated growth 
precedes subsequent development of insulin-resistance later in life [ 21 ]. 

 Endothelial dysfunction in adults is another common outcome in IUGR infants. 
Leeson et al. [ 22 ] found that low birthweight was associated with reduced, 
endothelium- dependent dilatation in children aged 9–11 years. Cardiovascular risk 
factors showed no relationship to fl ow-mediated dilation, but an inverse relationship 
with HDL cholesterol levels. The inverse relationship with blood HDL cholesterol 
concentrations might imply a role for the lipid environment in the origin of the defect; 
endothelial dysfunction being a consequence of a primary defect in lipid metabolism. 
Flow-related, vasodilatation was impaired in low birthweight children relative to nor-
mal birthweight at age x years [ 23 ]. Endothelium-dependent vasodilation of normal 
birthweight children was 1.5 times that of low birthweight children at the same age 
[ 24 ]. In low birthweight children, the maximal hyperaemic response was reduced, 
whereas the acetylcholine response was unaffected [ 24 ]. Although Goodfellow [ 23 ] 
found no evidence of a correlation between birthweight and serum concentrations of 
von Willebrand factor, a marker of endothelial cell activation, in fi t young adults, a 
smaller study found higher concentrations in low birthweight subjects [ 25 ]. 

 Martin [ 24 ] reported that low birthweight children showed increased carotid artery 
stiffness compared with normal birthweight controls at age 9 years. Another study 
of 281 young adults demonstrated that low birthweight was related to increased 
carotid, femoral and brachial artery stiffness [ 26 ]. Changes in the architecture or the 
number of peripheral arterioles and capillaries have been implicated in the aetiology 
of increased peripheral vascular resistance in hypertension, which could partially 
contribute to the observed relationship between the resistance index (RI) and 
birthweight [ 27 ,  28 ].  
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3.2.4     Animal Studies 

 Several animal models demonstrate that maternal undernutrition during the 
neonatal period can affect offspring. Among these various models, many similari-
ties of adult offspring phenotypes are observed including raised blood pressure, 
insulin resistance and increased adiposity, which are hallmarks of the metabolic 
syndrome [ 11 ,  29 ]. 

 Intrauterine growth retardation in animals can be induced by both prolonged 
modest changes in maternal diet, and, by more severe changes in uterine blood 
supply. The effect of maternal protein restriction in rodents on the phenotypes of 
offspring has been assessed, including insulin resistance, dyslipidaemia and 
hypertension. In both rats and sheep, low newborn weight has been associated 
with an increased risk for type 2 diabetes with abnormal insulin secretion and 
glucose intolerance [ 30 ,  31 ]. Nevertheless, the effect of IUGR on whole body 
insulin sensitivity and metabolic activity in adult rats which were fed either a 
normal protein diet or a low protein diet during pregnancy and 2 weeks of lactation, 
suggests that IUGR results in improved insulin sensitivity without ‘catch-up’ 
growth. Animal models also suggest that leptin defi ciency, or leptin resistance, may 
result in the pathogenesis of the metabolic syndrome in IUGR offspring [ 32 ,  33 ]. 
IUGR rat offspring showed signifi cantly increased expression of PPARG both as 
newborns and as adults. Further, the expression of adipogenic transcription factors 
regulating PPARG was also upregulated in both groups. Maternal protein restric-
tion also leads to endothelial dysfunction in isolated small arteries from adult rat 
offspring [ 34 ,  35 ]. Small resistance arteries of adult offspring exposed prenatally to 
a 50 % reduction in maternal protein intake appeared to demonstrate endothelial 
dysfunction, although dilatation in the aorta was normal. Reduced endothelium-
dependent vasodilatation of cerebral microvessels in offspring of dams fed a 
low-protein diet [ 36 ]. 

 Hypoxia-induced IUGR has long-term effects on cardiac susceptibility to 
ischaemic-reperfusion injury that are independent of sex and age [ 37 ]. This group 
also identifi ed a mismatch in glucose metabolism, resulting in proton accumulation 
in the post-ischaemic myocardium of IUGR offspring as a potential mechanism 
[ 37 ]. There have been few studies of arterial distensibility in models of maternal 
nutrient restriction. However, loss of diurnal variation in heart rate and blood pres-
sure in adulthood has resulted from maternal undernutrition followed by postnatal 
overnutrition [ 38 ]. 

 Are adverse outcomes in IUGR infants gender-specifi c? Food-restricted (FR) 
male rats develop increased hepatic triglyceride and cholesterol content with 
elevated sterol regulatory element-binding protein-1c, fatty acid synthase, and lipo-
protein lipase expression [ 39 ]. However, FR females have decreased hepatic choles-
terol levels., and, plasma lipid levels in FR males and females did not differ 
signifi cantly. These data suggest that intrauterine events may result in sex-depen-
dent, altered lipid metabolism with an increased risk in male rats.  
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3.2.5     Underlying Mechanisms 

 Lifelong programming of the ACTH/hypothalamic–pituitary–adrenal (HPA) axis has 
been proposed as a mechanism to explain the association between low- birthweight 
infants and later development of metabolic syndrome and hypertension in adult 
life. Increased cortisol levels due to alterations in the regulation of the ACTH/
glucocorticoid axis may be one mediating mechanism. Indeed, infants born after 
signifi cant exposure to stressful conditions are often SGA and have blunted HPA 
axis responses to stressors compared to AGA infants. These fi ndings are consistent 
with animal models showing that adverse intrauterine conditions can result in 
blunted cortisol responses to acute stressors and may provide a mechanism for adult 
susceptibility to disease for SGA infants [ 40 ]. 

 The predictive-adaptive response (thrifty phenotype) hypothesis proposes that 
the fetus makes adaptations in the early developmental period based on the predicted 
postnatal environment. If prenatal and postnatal environments match, the physio-
logical settings achieved through the processes of developmental plasticity will leave 
the organism well prepared for the postnatal environment and the organism will 
cope adequately with postnatal cues. A mismatch between prenatal and postnatal 
environments renders the organism more susceptible to later disease [ 41 ]. Any 
evidence to support this hypothesis? 

 If adverse events take place during intrauterine life, especially during a specifi c 
crucial window of developmental plasticity, epigenetic modifi cations may alter 
the expression of genes. This may drive metabolic pathways towards survival in the 
short term, but has detrimental long-term impact during adult life [ 41 ,  42 ]. 
Non- genomic changes may take place during the crucial window of developmental 
plasticity [ 43 ]. Shifts in the transcriptional activity of DNA may produce sustained 
metabolic adaptations. Within tissues and organs that control metabolic homeo-
stasis, a range of phenotypes can be induced by sustained changes in maternal 
diet via modulation of genes that control DNA methylation or histone acetylation, 
or through small non-coding RNAs activity [ 44 ,  45 ]. The phenotypic effects of 
epigenetic modifi cations during development may not manifest until later life, espe-
cially if they affect genes modulating responses to later environmental challenges, 
such as high-fat diet [ 41 ]. 

 Lambertini et al. [ 46 ] showed widespread epigenetic changes in IUGR infants, 
and, suggested the possibility that a specifi c signature in the epigenome may 
characterise IUGR infants. However, the relationship between the programming of 
specifi c genes and alterations in subsequent growth and metabolism is obscure. 
Einstein’s group [ 47 ] identifi ed epigenetic alterations that may provide a mechanism 
linking IUGR with T2DM later in life. They identifi ed 56 candidate loci near genes 
controlling growth such as those involved in the cell cycle. Reductions in DNA 
methylation in the HNF4A promoter region may be responsible for maturity onset 
diabetes while, epigenetic changes in the H19/IGF2 locus may be a site related to 
human IUGR [ 47 ]. 

 In recent years, it became clear that the onset of puberty is also regulated by 
genes that underlie epigenetic modifi cation. The onset of puberty is accompanied by 
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alteration of DNA methylation and histone modifi cation of transcriptional repressors, 
contributing to activation of genes that are known to be critically involved in the 
onset of puberty. Genome-wide analysis of hypothalamic DNA methylation reveals 
profound changes in methylation patterns associated with the onset of female 
puberty [ 48 ]. 

 DNA methylation and histone acetylation are potential explanations for the 
mechanisms involved in fetal origins of adult diseases. Micro-RNA’s also represent 
a possible mechanism. miR-16 and miR-21 expression are markedly reduced in the 
placenta of growth-restricted infants [ 49 ]. The potential role of miR-21 is intriguing 
because it targets genes that affect apoptosis and the cell cycle. Traditional genetic 
inheritance may also play a role. Genetic variations affecting the insulin axis 
might infl uence both birthweight and subsequent development of T2DM, and, 
explain transgenerational effects. Finally, epigenetic modifi cations are frequently 
tissue- specifi c, so fi ndings in the placenta may not apply to muscle, adipose tissue 
or pancreatic cells [ 16 ].   

3.3     Preeclampsia 

 Preeclampsia is a syndrome defi ned by the hypertension and proteinuria, which 
typically occurs after 20 weeks of gestation and resolves after delivery. Depending 
on ethnicity, the incidence of preeclampsia ranges from 3 to 7 % in nulliparae and 
1 % to 3 % in multiparae. Overall, 10–15 % of maternal deaths are directly associated 
with preeclampsia and eclampsia. Although this multisystem disorder constitutes 
a major cause of maternal mortality as well as perinatal morbidity and mortality 
worldwide, the mechanisms underlying the development of preeclampsia are not 
yet understood [ 50 ]. 

 Pre-eclampsia is not just an isolated disease of pregnancy. It also increases the 
vulnerability of offspring to adult diseases, including cardiovascular diseases, 
obesity and cancer. Offspring of pregnancy complicated by preeclampsia tend to 
be thinner, have higher blood pressures [ 51 – 53 ], and, they are more likely to suffer 
stroke and epilepsy [ 54 ,  55 ]. However, the daughters of women with preeclampsia 
during pregnancy have higher risks of breast cancer [ 56 ]. Explaining these disparate 
associations has been speculative rather than derived from a consistent, unifying 
hypothesis. 

3.3.1     Studies in Human 

 Pre-eclampsia is associated with an increased risk of hospitalization for a number 
of diseases among non-SGA children born at term including infectious and 
parasitic diseases, diseases of the blood and blood-forming organs, endocrine, 
nutritional, and metabolic diseases, diseases of respiratory system, and, congenital 
malformations. SGA is associated with an increased risk of several diseases in 
adult life [ 57 ]. 
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 Davis et al., using the available BP data, found that children exposed to 
preeclampsia in utero have approximately 2–3 mmHg higher SBP (systolic BP) 
during childhood and young adult life [ 58 ]. Long-term follow-up studies demonstrate 
a doubling of risk from stroke [ 54 ]. Debbie et al. also confi rmed that conclusion, 
and supported the view that preeclampsia and gestational hypertension were risk 
factors specifi c for higher blood pressures in offspring [ 59 ]. The key biological 
pathways relevant to the cardiovascular health of offspring are therefore likely to 
have additional effects, on other features of stroke risk, beyond clinic blood pressure 
measures alone. 

 Male and female offspring have similar outcomes except that males exposed to mild 
or severe preeclampsia have an increased prevalence of congenital malformations of 
the genital organs [ 57 ]. Males, born at term exposed to severe preeclampsia, had an 
increased risk of diseases of the blood and blood-forming organs, and, disorders of 
the immune system. While females exposed to severe preeclampsia or eclampsia 
had an increased risk of cerebral palsy, and, diseases of the musculoskeletal system 
and connective tissue [ 57 ].  

3.3.2     Epidemiological Studies 

 Pre-eclampsia and IUGR result from inadequate formation of spiral arteries that 
may compromise the fl ow of nutrients and oxygen to the fetus, and, similarly reduce 
transportation of waste from the fetus. Offspring of preeclampsia pregnancies do 
not have higher risks of obesity. Moreover, after adjusting for parental BMI, there is 
an inverse association between preeclampsia and the BMI of offspring, as mothers 
experiencing preeclampsia are more likely to have higher BMI [ 51 ,  60 ]. However, 
in preeclampsia pregnancy, there is no difference in height between offspring of 
preeclampsia and normotensive pregnancies [ 57 ,  60 ,  61 ]. 

 Offspring of preeclampsia pregnancies have lower risks of developing breast or 
prostate cancer, possibly due to abnormal intra-uterine exposure to sex hormone. 
Trichopoulos [ 62 ] hypothesized that the developing breast is infl uenced by the 
fetal environment, particularly variations in hormone concentrations, which could 
mediate subsequent breast cancer development. Trichopoulos [ 62 ] also proposed 
that increased concentrations of oestrogens in pregnancy increase the probability of 
future occurrence of breast cancer in daughters. Maternal, urinary estriol excretion 
declines late in preeclamptic pregnancies [ 63 ]. However, circulating maternal estro-
gens near delivery do not seem to be lower in preeclampsia [ 64 ,  65 ]. The limited 
data are not consistent with lower umbilical cord blood estriol, estradiol, and estrone 
concentrations in preeclampsia. Vatten et al. [ 65 ] found higher concentration of 
AFP in cord blood in pregnancies complicated by severe preeclampsia, and, they 
indicated that elevated AFP levels are associated with reduced breast cancer risk 
among female offspring. The authors attributed their fi ndings to an anti-oestrogenic 
effects of AFP [ 65 ]. It has also been suggested that exposure to elevated androgen 
concentrations mediate the associations of preeclampsia with lower breast cancer 
risk [ 66 ]. Low expression of the aromatase gene, or a small or impaired placenta, as 
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found in preeclampsia, increases the release of androgens from the placenta late 
in pregnancy when the fetal adrenal gland, the source of dehydroepiandrosterone 
(DHEA)-sulfate, undergoes rapid growth. Elevation of androgen, accompanied by 
low sex-hormone binding globulin in fetal blood, might confer long-term protection 
against breast carcinogenesis by antagonizing the effect of estrogens on ductal devel-
opment in the fetal breast. Other factors, such as some angiogenic factors, growth 
factors and endocrine factors may contribute to these associations [ 56 ,  67 ,  68 ].  

3.3.3     Experimental Studies 

 Women with a history of preeclampsia are at increased risk of type 2 diabetes in 
later life. However, some studies demonstrate that birthweight is more important 
than preeclampsia in the development of type 2 diabetes. There is also a strong 
relationship between babies who have been small for gestational age and subsequent 
development of type 2 diabetes [ 69 ]. Tenhola et al. [ 70 ] measured mean con-
centrations of serum total LDL, HDL, cholesterol, triglycerides, fasting insulin, 
blood glucose, serum cortisol and dehydroepiandrosterone sulfate in offspring of 
pre-eclampsia pregnancies and offspring of non-preeclamptic pregnancies. There was 
no difference between these two groups, however, SGA children of preeclampsia 
pregnancies had the highest concentrations of serum total LDL and cholesterol. 
The concentrations of LDL and cholesterol are higher than AGA children of 
preeclamptic pregnancies, or, in SGA or AGA children of non-preeclamptic 
pregnancies - even though the differences were not signifi cant [ 70 ]. Pre-eclampsia is 
positively associated with offspring BP after adjustment for family adiposity, sug-
gesting IUGR may mediate this association. Another perinatal cohort study examined 
whether IUGR and childhood growth trajectory may mediate the association between 
pre-eclampsia and childhood SBP at 7 years of age. Results demonstrate that 
preeclampsia-eclampsia was signifi cantly associated with higher SBP, independent 
of IUGR [ 52 ]. This fi nding suggests that other mechanisms may be involved, such 
as genetic transmission and placental-fetal vascular impairment [ 51 ,  52 ]. Jayet et al. 
[ 53 ] showed that offspring of mothers with preeclampsia displayed marked vascular 
dysfunction in the pulmonary and systemic circulations, as evidenced by 30 % 
higher pulmonary artery pressure, and, 30 % lower fl ow-mediated dilation (FMD) of 
the brachial artery. Moreover, oxidative stress was increased in offspring of women 
with preeclampsia, and, suggests that it might represent an underlying mechanism. 
Finally, pulmonary artery pressure during nitric oxide inhalation remained signifi -
cantly higher in offspring of mothers with preeclampsia than in control subjects, 
suggesting that a structural defect, possibly related to remodelling of the pulmonary 
vascular wall, also contributes to pulmonary hypertension. Thus, preeclampsia 
leaves persistent defects in the systemic and pulmonary circulation of the offspring. 
This predisposes offspring to exaggerated hypoxic pulmonary hypertension during 
childhood and may contribute to premature cardiovascular disease later in life. 

 Eero Kajantie et al. [ 54 ] found that children from pregnancies complicated by 
severe pre-eclampsia were thin at the age of 2 years. This is consistent with the 
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reported association between thinness at 2 years of age, and, later hemorrhagic and 
thrombotic stroke. This association was not the result of the children’s living 
conditions after birth as assessed by the father’s occupation. This led to the sugges-
tion that the association was a consequence of fetal undernutrition leading to thinness 
at birth that persisted through infancy. Statistical analysis showed the association 
between people exposed to pre-eclampsia with increased risk of hemorrhagic or 
thrombotic stroke was independent of the babies’ birthweight or gestational age at 
birth. Babies from pregnancies complicated by pre-eclampsia had reduced brain 
circumferences, probably as a consequence of impaired brain growth in uterus[ 54 ]. 
The investigators speculate that stroke may originate through reduced brain growth 
in utero as a consequence of fetal undernutrition. Given the redistribution of cardiac 
output in favor of the brain, one of the fetal brain-sparing responses, may permanently 
change the structure of the cerebral arteries. They speculated that stroke might 
originate in two ways in pre-eclampsia, either through reduced brain growth or 
impaired brain growth leading to “brain sparing” responses. 

 Wu et al. [ 55 ] reported that prenatal exposure to pre-eclampsia was associated 
with an increased risk of epilepsy in children born after 37 weeks of gestation. 
The mechanisms underlying the associations between them were unclear, but prob-
ably because pre-eclampsia may cause fetal brain ischemia and vascular fetal brain 
lesions. Pre-eclampsia has been shown to be an important risk factor for neonatal 
encephalopathy [ 71 ]. The association may be mediated by placental dysfunction. 
The fact that preeclampsia was associated with an increased risk only in children 
who were born after 37 weeks of gestation refl ects that other causes of preterm 
birth outweigh the effect of preeclampsia or indicates that the pathology related to 
preeclampsia needs gestational time to increase the susceptibility to epilepsy, or, the 
fetal brain may be more susceptible later in pregnancy [ 54 ].  

3.3.4     Animal Studies 

 In pre-eclampsia, the spiral arteries inadequately remodel so that uterine fl ow is 
reduced by 50 % and there is chronic placental ischaemia or, at best, intermittent 
fl ow that induces an ischaemia/reperfusion phenomenon [ 72 ]. Reactive oxygen 
species (ROS) and cytokines released from the ischaemic placenta trigger systemic 
oxidative and infl ammatory reactions. The placenta also overexpresses anti- angiogenic 
factors that inhibit the normal function of pregnancy-related proangiogenic factors, 
including VEGF (vascular endothelial growth factor) and PlGF (placental growth 
factor). The combination of these factors may stimulate systemic endothelial 
dysfunction that is consistently found during symptomatic pre- eclampsia in the 
mother. 

 Offspring of pre-eclamptic pregnancies develop from the fi rst trimester onwards 
within an environment of placental insuffi ciency and restricted oxygen supply. 
By the start of the second trimester the offspring are confronted with elevated 
circulating anti-angiogenic factors, which antedate the later emergence of the 
clinical pre- eclamptic syndrome and systematic maternal infl ammatory, oxidative 
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and dysfunctional endothelial states [ 5 ]. To mimic the human syndrome an animal 
model needs to develop the cardinal features of pre-eclampsia, which include 
pregnancy- specifi c hypertension, proteinuria and associated alterations in vascular 
function and biomarkers. Although a variety of models exist that are based on 
different aspects of the pathophysiology of pre-eclampsia, no model has been able 
to successfully mimic all the pathophysiological features of pre-eclampsia, or, to 
accurately replicate the fi rst trimester origin of the human condition. 

 Mechanical reduction in maternal uterine artery blood fl ow by unilateral or 
bilateral uterine artery ligation in animal models induces a pregnancy-specifi c 
increase in maternal blood pressure [ 73 ]. If uterine perfusion I reduced at 14 days of 
gestation, changes in resting BP are consistently pronounced in the offspring 
throughout life. When uterine perfusion takes place later in gestation, despite 
resulting in growth restriction, either no increase in BP or modest changes in later 
life was observed [ 73 ]. However, early ligation of uterine vessels has been associ-
ated with the full range of features of preeclapsia in dams, including disordered 
antiangiogenic factors and vascular dysfunction. 

 The pathogenesis of pre-eclampsia may be described in two stages. The initial 
stage indicates abnormal placental implantation, followed by transition to the 
second stage of endothelial dysfunction. Placental insuffi ciency is likely to lead to 
offspring of pre-eclamptic pregnancies developing in an environment of signifi cant 
hypoxia from early in the pregnancy [ 74 ]. Early placental development takes place 
under low oxygen environment as this predates the formation of an effective 
maternal- fetal circulation, while abnormal placentation in pre-eclampsia is likely to 
result in signifi cantly lower oxygen delivery to the fetus for the majority of gestation 
[ 75 ]. In mice, exposure to anoxic circumstances induces hypertension, proteinuria, 
IUGR, renal pathology and elevations in maternal soluble endoglin (sEng). When 
the data from models of pregnancy hypoxia are collected, there is a striking lack of 
consistent reports of elevated BP in the offspring, suggesting that hypoxia alone is 
insuffi cient to induce the long-term effects of pre-eclampsia, or, that the levels of 
hypoxia currently used are not representative of the levels offspring are exposed to 
during development [ 76 ]. 

 Many studies show an increase in levels of circulating anti-angiogenic factors 
including sFlt-1 and sEng [ 77 ,  78 ]. sFlt-1 inhibits the normal function of pregnancy- 
related angiogenic factors, including VEGF and PlGF [ 77 ]. Overexpression of 
sFlt-1 in rats induces hypertension, proteinuria and glomerular endotheliosis, even 
in non-pregnant rats. Lu et al. [ 79 ] found gender-specifi c impacts on weight and BP 
in offspring. Male offspring born to sFlt-1–treated pregnant mice have signifi cantly 
lower birthweights than male offspring of the control group, while there was no 
signifi cant difference in the post-weaning weight in female offspring. Furthermore, 
mean, systolic, and diastolic BP were signifi cantly higher in male offspring born to 
sFlt-1–treated mothers, while no differences existed in female [ 80 ]. In maternal 
under-nutrition models, the increase of BP is more pronounced in male offspring 
than female. 

 The specifi c role of systemic maternal endothelial dysfunction is relatively 
easier to study in animal models. These models are based either on systemic 
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inhibition of eNOS (endothelial NO synthase) by administration of L-NAME 
(NG-nitro-larginine methyl ester) or by eNOS knockout [ 81 ]. The mice con-
sistently show abnormal endothelial function and, through selective breeding of an 
eNOS-knockout mother with a wild-type male, an experimental scenario can be 
produced to study the effect of maternal endothelial dysfunction on the in utero 
development of an eNOS- heterozygous offspring. These offspring have higher BP 
during adulthood than the genetically similar offspring bred from a wild-type 
mother and an eNOS-knockout father, who differ only in that their in uterine 
development was in a wild-type mother with normal endothelial responses [ 81 ]. 
The study indicates that the maternal eNOS genotype infl uences both blood 
pressure and behavior of offspring, possibly because developmental programming 
associated with intrauterine growth retardation. In addition, prenatal exposure to 
glucocorticoids can induce adult cardiovascular and metabolic physiological 
dysfunction in gender-specifi c patterns [ 82 ,  83 ]. Male embryos may be more 
susceptible to maternal environment and cannot adapt successfully. This gender 
sensitivity may be attributable to differences in the hormonal status between the 
two different genders where females may have a protective effect in relation to 
hypertension and epigenetic factors.  

3.3.5     Underlying Mechanisms 

 The mechanisms underlying pre-eclampsia or eclampsia include chronic uterine 
ischemia, dysfunction of the nitric oxide system, insulin resistance, hypersensitivities 
of the autonomic nervous and rennin-angiotensin systems, activation of a systemic 
infl ammatory response, and activation of circulating proteins that interfere with 
angiogenesis. In pre-eclampsia, exposure to the abnormal intra-uterine circum-
stances leads to vascular structural remodeling, that persists into post-natal life. 
In animal models, there is also evidence of increased aortic stiffness, as well as 
greater elastic fi bre content in the vessel wall [ 84 ]. By adult life, 16-month-old 
offspring of hypoxic dams exhibit distinct vascular structural changes with oedema-
tous and necrotic aortic endothelium and disarranged proliferative smooth muscle 
cells [ 85 ]. Other studies of rat model offspring have also identifi ed an increased 
propensity to develop arterial internal elastic lamina lesions, an early atherosclerotic 
process, at 8 and 16 weeks of age [ 86 ]. These observations underline development 
of an early atherogenic phenotype, as a potential link between pre-eclampsia 
exposure and later cardiovascular disease. Consistent with the observations in above 
animal studies, offspring of pre-eclamptic pregnancies also show an increased 
intima-media thickness with aortic arterial thickening already evident at birth [ 87 ]. 
In an sFlt-1 overexpressing model, sFlt-1 as a splice variant of the VEGF receptor 
Flt-1 seems to be involved centrally in the pathogenesis of preeclampsia. The high 
levels of circulating sFlt-1 in early pregnancy predict later onset of preeclampsia. 
These increased levels of sFlt-1 are accompanied by reduced levels of free VEGF 
and PlGF in the maternal circulation, suggesting that sFlt-1 inhibits VEGF and 
PlGF. This prevents them from binding their endothelial cell receptor, resulting in 
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abnormal angiogenesis and altered circulation at the utero-placental interface, and 
consequently poor perfusion of the placenta-fetal unit [ 79 ]. 

 Exposed to hypoxia during late gestation, rat offspring manifest increased cardiac 
size, reduced left ventricular wall thickness, reduced cardiomyocte proliferation as 
well as epicardial detachment [ 88 ]. Since the epicardium is a major source of growth 
factors during cardiac development, this detachment of the epicardium in fetal life 
may be one potential mechanism of the myocardiac changes. Higher levels of 
apoptotic proteins and induction of HIF -1α are also involved in this process [ 89 , 
 90 ]. In addition, maternal hypoxia can change cardiac collagen content of offspring, 
via a potential link between in utero hypoxia and later cardiovascular disease via 
alterations in cardiac ischaemia/reperfusion mechanisms. Rats exposed to hypoxia 
in late gestation had alterations in cardiac proton production and increased myocar-
dial production of acetyl-CoA during reperfusion [ 37 ,  90 ]. In fetal life, such animals 
also have signifi cant reductions in cardiac PKCε (protein kinase Cε), which may be 
secondary to increased methylation at the PKCε promoter site [ 91 ]. PKCε plays a 
critical role in cardioprotection during ischaemia [ 92 ]. 

 Endothelial dysfunction is an early biological factor in the development of 
atherosclerotic vascular disease and predisposes to the development of left ventricular 
hypertrophy. Model offspring have enhanced vascular contraction in response to 
phenylephrine and a reduction in endothelium-dependent relaxation during early 
life. Experimental studies imply several potential mechanisms underlying vascular 
abnormality. In model offspring, both basal and acetylcholine-induced NO produc-
tion is reduced in arterial segments. A characteristic feature of pre-eclampsia is a 
derangement of circulating anti-angiogenic factors. Persistent abnormalities in 
anti- angiogenic factors in the offspring may lead to persistent endothelial dysfunc-
tion in later life. Nevertheless, study of anti-angiogenic factors in children of 
5–8 years of age has demonstrated no long term difference [ 93 ]. On one hand, it is 
possible that intrauterine exposure to anti-angiogenic factors causes altered in utero 
endothelial development and physiology. Consistently, sFlt-1 administered in vitro 
inhibits endothelial cell proliferation and tubule formation [ 94 ]. Additionally, 
HUVECs from pre-eclamptic donors appear to differ from normal in their response to 
oxygen levels. Under normal oxygen conditions, they develop a higher numbers of 
connections and shorter tubule lengths, creating networks similar to those seen when 
control cells were grown under hypoxic conditions [ 95 ]. These data indicate that 
endothelial cells from pre-eclamptic pregnancies may be fi xed in a ‘hypoxic’ phenotype. 
On the other hand, it is possible that endothelial dysfunction represents a biomarker 
of other underlying metabolic abnormalities related to cardiovascular disease. 
Alternatively, the vascular changes may be inherited between mother and child. 
Polymorphisms in certain genes, such as those encoding eNOS, angiotensin converting 
enzyme and angiotensin, have been proposed as potential links underlying the develop-
ment of the condition [ 96 ,  97 ]. During fetal life, adverse exposures may lead to 
heritable characteristics through programming of the epigenome, as the greatest 
level of active programming of the epigenome occurs during fetal life [ 98 ]. Hypoxia 
is a promising stimulus for epigenetic programming since it has been shown to 
induce a global decrease in transcriptional activity in the vascular endothelium [ 99 ].   
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3.4     Conclusions 

 Adverse intrauterine environments, including GDM, intrauterine undernutrition/IUGR 
and pre-eclampsia, adversely infl uence the responses of offspring to later challenges. 
Obesogenic diets or physical inactivity increase the risk of future disease predisposing 
to insulin resistance, type 2 diabetes, obesity and cardiovascular disease. Prevention of 
these disorders must begin in the uterus and continue throughout the life course. Special 
emphasis should therefore be given to optimal intrauterine milieu and to the avoidance 
of an obesogenic postnatal environment to reduce poor adult health outcomes.     
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    Abstract  
  Epidemiological evidence suggests that environmental exposures in early life 
can profoundly infl uence long-term health, particularly adult risks of metabolic 
diseases such as type 2 diabetes mellitus (T2DM). At present there are three 
primary hypotheses with some theoretical basis and supporting evidence; the 
“thrifty phenotype”, the “thrifty genotype” and the “fetal insulin” hypotheses. 
In this chapter, we will discuss the evidence related to embryo-fetal origins of 
diabetes.  

4.1         Three Hypotheses 

 Metabolic syndrome is a combination of medical disorders that, when occurring 
together, increase the risk of developing cardiovascular disease and diabetes. Insulin 
resistance, which is present in the majority of people with the metabolic syndrome, 
has been recognized as the fundamental “defect”. Hales and Barker coined the 
term the “thrifty phenotype” hypothesis, suggesting the fetal origin of insulin 
resistance. The hypothesis proposes that an undernourished baby maintains high 
levels of sugar in the bloodstream that benefi ts the brain, but less sugar is stored 
in muscles; muscle growth may be “traded” to protect the brain. This “thrifty” 
behavior becomes permanent and, combines with adiposity to produce type 2 dia-
betes in later life [ 1 ,  2 ]. 
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 The “thrifty genotype” hypothesis was originally proposed to explain the tendency 
of certain ethnic groups such as the Pima to tend towards obesity and diabetes [ 3 ]. 
He proposed that native Indians might have accumulated “thrifty” genes, which 
were selected during evolution at a time when food resources were scarce. These 
genes are benefi cial for survival under famine conditions by resulting in a “fast 
insulin trigger” and thus an enhanced capacity to store fat. However, they may place 
the individual at risk of insulin resistance and type 2 diabetes in affl uent societies. 

 The “fetal insulin” hypothesis of Hattersley proposed that genetically determined 
insulin resistance results in impaired insulin-mediated growth in the fetus as well as 
insulin resistance in adult life. The hypothesis emphasizes that insulin secreted by 
the fetal pancreas in response to high maternal glucose concentrations is a key 
contributing factor [ 4 ]. Monogenic disorders that impair glucose sensing, such as 
glucokinase gene mutations, lower insulin secretion, or increase insulin resistance, 
as in IGF-1 gene polymorphism, are often associated with impaired fetal growth [ 5 ]. 
On the other hand, polygenic disorders resulting in insulin resistance in the normal 
population are therefore likely to result in lower birthweight.  

4.2     “Embryo-Fetal Origin of Diseases” Theory 

 Embryonic and fetal periods are clearly vulnerable to environmental factors, and 
acquired changes can persist transgenerationally, despite the lack of continuing 
exposure. In 2010, Motrenko set out the “embryo-fetal origin of diseases” theory, 
proposing that abnormal development of gamete and embryo may induce poor 
health after birth [ 6 ]. In similar vein, adaptive responses of a gamete/embryo reacting 
with adverse factors, like culture systems and manipulations in ART, may make 
them susceptible to permanent damage to organ function and structure, inducing 
later chronic adult diseases. Altered epigenetic re-programming causing transgen-
erational effects may be a cause for considerable concern.  

4.3     Epigenetic Mechanisms During Preimplantation 
Development 

 Epigenetic “re-programming” may occur by both active and passive mechanisms, 
interfering and shaping imprinting mechanisms in the early embryo [ 7 ]. 

4.3.1     Post-fertilization 

 Paternal genome is actively demethylated within a few hours after fertilization to 
achieve formation of the male pronucleus, following a protamine-to-histone 
exchange. Oocyte methylation appears to be tied to Lys4 of histone H3 (H3K4) with 
absence of replication or transcription in pronucleus. Zygotic genome activation 
(ZGA) is the critical nuclear reprogramming event that governs the transition from 
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maternal to embryonic control of development. The process of ZGA includes (1) 
degradation of maternal transcript with iRNA; (2) replacement of maternally derived 
transcript with zygotically expressed ones; and (3) transcriptional upregulation of 
zygote genes that will function to reset and reprogram gene expression pattern in the 
developing embryos. A “zygotic clock”, combined with the nuclear environment, 
ensures that zygotic gene expression occurs in an ordered and temporally regulated 
way. The zygotic genome gradually becomes demethylated through a passive mech-
anism, that DNMT1 is exported from the nucleus, resulting in newly replicated 
DNA strands being unable to be methylated by DNMT1. This process will increase 
unmethylated DNAs [ 8 ].  

4.3.2     Cleavage Stage 

 Embryo genome activation (EGA) includes two stages, weak transcriptional activity 
at the end of the zygote stage and weak activity at the four-cell stage. This implies 
a longer reliance on maternally inherited information and a shortened delay between 
EGA and cell differentiation. However, no studies have yet been conducted [ 8 ].  

4.3.3     Blastocyst Formation 

 The studies suggest that mechanisms of cellular adhesion and epigenetic modifi ca-
tion involving inner cell mass (ICM) and trophectoderm (TE) differentiation, may 
mean that TE and ICM differentially express several, lineage-specifi c transcription 
factors. Cdx2 becomes restricted to the trophectoderm cell line and is required 
for its formation; Oct4 and Nanog become restricted, and, may infl uence the inner 
cell mass [ 8 ].   

4.4     Developmental Regulation of Somatic Imprints 

 Epidemiological and animal studies demonstrate that nutrition and other environ-
mental factors could infl uence prenatal developmental pathways, thereby inducing 
permanent changes in metabolism and susceptibility of chronic disease. Epigenetic 
changes may partly explain the diversity of disease phenotype and other traits. Since 
somatic methylome establishment consists of multiple developmental steps, the 
causal relationship between the intrauterine environment and epigenetic dysregulation 
is still unclear. It has been revealed that, during pregnancy, nutritional stimuli from 
maternal intake (such as genistein, bisphenol A, or methyl donors) could alter the fetal 
epigenome in utero, change the methylation levels of the A vy  allele. These somatic 
epigenetic changes are thought to have occurred before germ layer differentiation in 
the early embryo. Therefore, it is important to elucidate the effects of environmental 
modifi cation on the fetal epigenome, particularly in this early developmental stage. 
Sato et al. found genistein perturbed the methylation pattern of differentiated ES 
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cells after de novo methylation, suggesting that, for a subset of genes, regulation after 
de novo DNA methylation in the early embryo may be sensitive to genistein [ 9 ]. 

 By virtue of the repeated action of DNMT1 in replicating DNA methylation 
through cell division, both gametic and somatic differentially methylated regions 
(DMRs) can be maintained in perpetuity. Where these DMRs directly span the 
promoter of a gene expressed in the adult, imprinted expression will also be 
maintained. There are also genes where imprinting expression is known to be present 
in the adult in the absence of direct promoter DNA methylation, but there is the 
potential for transcriptional interference with a second transcript that does originate 
at a DMR. Thus initial studies on the genes marked by somatic imprints support a 
role for genomic imprinting in modifying metabolic effi ciency and behavior in 
mammals [ 10 ]. Imprinting may provide a mechanism to modify reproductive 
strategies, social behavior and metabolism such that mammals fl ourish under a wide 
variety of environmental conditions.  

4.5     Animal and Human Evidence 

 Experimental studies on laboratory animals, and, epidemiological studies in human 
populations both clearly demonstrate that fetal development in an unfavorable 
intra- uterine milieu that can induce persistent alterations in the metabolism of 
offspring throughout life. Not only maternal diabetes, maternal/fetal malnutrition 
also could induce a diabetogenic tendency in the offspring [ 11 ]. 

 A number of studies illustrate a latent tendency for impairment of glucose 
tolerance in populations subject to poor nutrition during fetal and postnatal life. 
If they remain on a low calorie diet, the glucose tolerance will maintain normal. 
Otherwise, their glucose metabolism will be challenged with higher caloric intake 
and lower physical activity, increasing the incidence of impaired glucose tolerance 
and type-2 diabetes. The effect is clearest in those individuals that gain most weight. 
Examples of this phenomenon have been described in the Pima Indians in Arizona 
[ 12 ]. The transition from a hunter-gatherer life style to a more modern way of life 
has dramatically increased the occurrence of type-2 diabetes and gestational diabetes. 
A similar effect occurs in Aboriginal populations in Australia [ 13 ]. The arrival of 
a supermarket in a remote country increases the prevalence of abnormal glucose 
tolerance.  

4.6     Trans-generational Propagation 

 Offspring of both mild and severely hyperglycemic mothers (second generation) 
may develop gestational diabetes. Their offspring, the third generation, display the 
same disorders as offspring of mildly hyperglycemic mothers: (1) fetuses are 
macrosomic, hyperinsulinemic with islet hyperplasia; and (2) adults have abnormal 
glucose tolerance associated with an insulin secretion defect [ 14 ]. 
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 A study showed that female F2 rats procreated by F1 pre- and postnatally nutrient 
and growth restricted (IUGR) mothers but embryo-transferred to gestate in control 
mothers on d1 had increased hepatic weight, fasting hyperglycemia, hyperinsu-
linemia, and unsuppressed hepatic glucose production, with no change in glucose 
futile cycling or clearance, compared with age- and sex-matched control F2 progeny 
that gestated in a similar manner [ 15 ]. These hormonal and metabolic aberrations 
were associated with increased skeletal muscle total GLUT4 and pAkt concentra-
tions but decreased plasma membrane-associated GLUT4, pPKCζ, and PKCζ 
enzyme activity in IUGR F2 compared with F2 controls. This observation supports 
the trans-generational presence of aberrant glucose/insulin metabolism and skeletal 
muscle insulin signaling in the adult F2 IUGR female offspring that is independent 
of the immediate intrauterine environment. 

 Investigations into the F3 generation will differentiate between this possibility 
and epigenetic DNA modifi cations being responsible for the trans-generational 
propagation of type 2 diabetes mellitus. Investigations in the protein-restricted, 
IUGR rat demonstrate persistence of abnormal glucose homeostasis in the F3 
generation lending credence to a role for epigenetic regulation [ 16 ]. 

 Zambrano et al. fed female rats with a normal control 20 % casein diet (C) or 
a protein-restricted isocaloric diet (R) containing 10 % casein during pregnancy 
and lactation. After delivery, according to the diet of F0 female rats, F1 offspring 
were divided into four groups: CC (fi rst letter pregnancy diet and second lacta-
tion diet), RR, CR and RC. All F1 female offspring were fed  ad libitum  with 
C diet after weaning and during their fi rst pregnancy and lactation. They found 
that F1 female offspring of RR and CR mothers exhibited low body weight 
and food intake with increased sensitivity to insulin during a glucose tolerance 
test at 110 days of postnatal life. F2 male offspring of CR showed evidence of 
insulin resistance. In contrast, in RC group, F2 female offspring were insulin 
resistant. Sex differences were also observed in F2 offspring in the resting 
glucose and insulin. Therefore, maternal protein restriction adversely affects 
glucose and insulin metabolism of F2 offspring in a manner specifi c to sex and 
developmental time window during their mother’s (the F1) fetal and neonatal 
development [ 17 ]. 

 The studies on the mice found that maternal undernutrition during preg-
nancy programs reduced birth weight, glucose intolerance, and obesity in fi rst- and 
second- generation offspring, despite  ad libitum  feeding during second pregnancy. 
Different aspects of these phenotypes are transmitted via the maternal lineage 
(obesity), the paternal lineage (reduced birth weight), or both (glucose intolerance) 
[ 18 ]. Sex differences in transmission of phenotypes implicate complex mecha-
nisms: (1) matrilineal inheritance of disease is multifactorial and includes metabolic, 
epigenetic, and mitochondrial mechanisms; and (2) patrilineal inheritance is 
primarily due to epigenetic mechanisms. Such studies may be signifi cant in the 
design of future therapeutic interventions that aim to prevent, and/or modulate, 
adult phenotypes, not only in LBW humans but also in their children and 
grandchildren.  
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4.7     Modulation of Genomic Expression and Embryo-Fetal 
Origins of Diabetes 

4.7.1     Epigenetic Alteration of Embryo and Fetus 
by Environment 

 Separate from the immediate in utero environment, epigenetic changes that include 
aberrant DNA methylation of CpG clusters and histone N-tail posttranslational 
modifi cations affect downstream gene expression, thereby creating the basis for 
trans-generational propagation. This, in turn, may contribute to the present epidemic 
of diabetes mellitus in both developing and developed countries [ 19 ]. 

 Several imprinted genes have been identifi ed as potential causes of impaired, 
glucose-regulated, metabolic processes and some have also been associated with 
metabolic disorders in humans. Alterations in fetal growth related to imprinting of 
H19/Igf2, Gnas, Dlk1, Grb10, Plagl1, are associated with metabolic disorders in 
adulthood, including obesity and diabetes [ 20 ]. The epigenetic, regulatory mecha-
nisms that defi ne imprinted genes render them uniquely susceptible to changes in 
expression that can be set during embryogenesis, and, may persist into adulthood. 
This, together with their regulatory roles in both fetal growth and adult metabolism 
means that the imprinted genes may be strong candidates for involvement in fetal 
“programming” of adult health status. 

 In IUGR rat, it is found that epigenetic modifi cations of key genes regulating 
β-cell development were induced by abnormal intrauterine environment, which 
directly link chromatin remodeling and suppression of transcription. Dietary protein 
restriction of pregnant rats induces hypomethylation of the glucocorticoid receptor 
and peroxisome proliferator-activated, receptor g genes in liver of the offspring. 
These epigenetic changes may result in observed increases in expression of these 
genes [ 21 ].  

4.7.2     The Roles of Epigenetic Alteration 
in Trans-generational propagation 

 Animal studies support the role of environmental epigenetics in T2DM susceptibility. 
In the female Agouti mouse, a genomic region called the Agouti locus could be 
modifi ed by epigenetic alterations by diet, to promote changes in coat colour, and, 
obesity and diabetes in the offspring [ 22 ]. Human epidemiological studies also pro-
vide evidence that maternal factors infl uence the adult risk of developing various 
chronic diseases, such as cancer, cardiovascular disease and T2DM. The concept of 
‘maternal effects’, where environmental infl uences on one generation may have 
signifi cant impact on the next generation, and, potentially on a third generation, is 
well recognized. A range of nutritional hormonal and behavioural cues affecting 
parents (the F0 generation) can have consequences for the next generation (F1) and 
in some instances for subsequent generations (F2 onwards), even if they did not 
experience the same cue. Exposure to several environmental factors during early 
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embryonic development has been shown to increase disease susceptibility in the F1 
generation. Some of the well-studied environmental disruptors are abnormal nutrition 
(for example, caloric restriction) causing diabetic and uterine defects, endocrine 
disruptors causing reproductive and endocrine effects, and, also some chemical 
exposures like heavy metals. Giving low-calorie food to female mice during puberty 
and then feeding them with normal caloric food during their pregnancy, produced 
abnormal insulin and glucose metabolism in the F1 offspring. Nutritional depletion 
may affect the development of F0 oocytes, though not the intrauterine development 
of F1 embryo because the mother was normally fed during the fetal growth period and 
the infl uence of attenuated maternal germ line development could pass to the next 
generation and cause impaired health situation of F1, especially metabolic diseases. 
Furthermore, both human and animal studies demonstrate that exposure of an F0 
generation mother can produce an F2 generation phenotype, and these kinds of effects 
of environment on the F0 germ line have been observed in species ranging from insects 
to mammals [ 23 – 25 ]. In rodents, nutritional defi ciency of mother during gestation 
affects the incidence of diabetes and growth defects in the F2 generation [ 26 ]. On the 
other hand, the analysis on the F3 generation is now conducted in some studies [ 27 ]. 

 We established a GDM mouse model of intrauterine hyperglycemia. The female 
(♀) and male (♂) F1 adults of control and GDM mice were intercrossed to 
obtain F2 offspring of four groups: (1) C♂-C♀, (2) C♂-GDM♀, (3) GDM♂-C♀ 
and (4) GDM♂-GDM♀. After exposure to intrauterine hyperglycemia, parental 
characteristics were transgenerational transmitted to F2 offspring. For F2 offspring, 
paternal line factors are more prone to transmission compared to maternal line. 
Further experiments showed that both F1 and F2 offspring demonstrated dysregulated 
expression of the imprinting gene  Igf2  and abnormal methylation status. Additionally, 
altered  imprinting  gene expression was also found in sperm of adult F1-GDM with, 
or without, IGT, suggesting transgenerational transmission of epigenetic changes in 
male germ cells [ 28 ].  

4.7.3     Environmental Causes of Altered Gene 
Expression in Embryo and Fetus 

 Cagnone et al. studied the impact of hyperglycemia on embryo development using 
different glucose concentrations (0.2 [control], 1, 2, 5, and 10 mM) during early 
cleavage stages of development (until the 8- to 16-cell stage), and, then cultured all 
embryos in control media until the blastocyst stage. They found that although 
adding 1–5 mM of glucose did not affect the developmental rate of in vitro culture 
(IVC) to 8–16 cells, a 10 mM concentration of glucose decreased the rate of embryos 
reaching the 8–16 cell stage and prevented blastocyst development, indicating that 
high glucose concentrations might impair embryo development [ 29 ]. Exposure to 
5 mM glucose during early cleavage stages impacts subsequent gene expression 
at blastocyst stage. Statistical analysis of microarray comparisons reveal a signifi -
cantly different expression for 490 transcript sequences between control and 
treated blastocysts, among which 63 had more than 1.5 fold-change differences. 
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Moreover, 57 sequences among these 63 were upregulated in treated blastocysts. 
The differential gene expression profi le included sex-related genes, stage-related 
genes, and, genes for cellular and molecular functions. These functions are associated 
with cell motility, defense against external wounding, and calcium management. The 
canonical pathways with signifi cant value are high-mobility group box 1 (HMGB1) 
signaling, integrin-linked kinase (ILK) signaling, hypoxia inducible factor 1 alpha 
subunit basic helix loop-helix transcription factor (HIF1A) signaling, transforming 
growth factor beta (TGF-B) signaling, oxidative stress response, tumor necrosis factor 
receptor superfamily member 1A (TNFRSF1A) signaling, tight junction signaling, 
interferon signaling, glutathione metabolism, and peroxisome proliferator-activated 
receptor alpha (PPARA) signaling. Ingenuity-generated networks refl ect cellular 
processes of tissue development, metabolic disease and tumor morphology. On a 
pathophysiological level, higher glucose treatment associates with diabetes and 
tumorigenesis through genes controlling the Warburg effect, that is, emphasis on 
use of anaerobic glycolysis rather than oxidative phosphorylation.  

4.7.4     Gene Mutation of Embryo and Fetus by Environment 

 As for T2DM, there is a special and rare type of infant diabetes. For the vast majority 
of infant diabetes cases, their parents do not have the similar disease and may result 
from a new mutation or chromosomal abnormalities. The most common cause of 
infant diabetes is mutation of ATP-sensitive potassium (KATP) channel genes, and, the 
prepro-insulin (INS) gene expressed by islet β-cells. These two gene mutations explain 
more than half the incidence of neonatal diabetes less than 6 months of age [ 30 ]. 

 Maturity-onset diabetes of the young (MODY) is defi ned as early-onset, non- 
autoimmune diabetes that occurs in childhood, adolescence or young adulthood. 
It is caused by a primary defect in pancreatic β-cell function [ 4 ]. However, residual 
insulin secretion may be maintained for some years after diagnosis and exogenous 
insulin is generally not required at the time of diagnosis. MODY may account for 
1–2 % of all T2D cases. Heterozygous mutations or partial/whole gene deletions in 
seven susceptibility genes may cause MODY. The MODY genes encode the enzyme 
glucokinase (GCK), the transcription factors HNF-1a (HNF1A), −1b (HNF1B), −4a 
(HNF4A), PDX1 and NEUROD1 or the preproinsulin (INS) each having a crucial 
role in the development and function of pancreatic b-cells. Mutations in GCK, 
HNF1A and HNF4A are the most common causes of MODY [ 4 ].   

4.8     Gametogenesis and Embryo-Fetal Origins of Diabetes 

4.8.1     Gametogenesis Phase 

 Formation and maturation of gametes, especially oocytes, may last for decades, 
exposing them to much longer periods for potential damage, both in-vivo and 
in- vitro. Gametogenesis and fertilization take place during the period of epigenetic 
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re-programming. Modulation of genomic imprints for imprinted genes begins when 
migratory primordial germ cells (PGCs) enter the embryonic genital ridge and con-
cludes at the point of fertilization. In this period, egg and sperm-derived imprints, 
and some other germline sequences, may undergo extensive imprinting erasure 
and re-establishment while non-imprinting genes retain their methylation state. 
The critical time for epigenetic modifi cation of the germ line is the period of primor-
dial germ cell migration and gonadal sex determination. The permanent alteration in 
the epigenetic programming of the germ line appears to be the mechanism involved 
in the transgenerational phenotype.  

4.8.2     Aberrant Oogenesis and Adult Diabetes 

 Epidemiological evidence shows that alteration of the maternal environment can 
impact the development of oocyte, and, infl uence the offspring’s risk for type 2 
diabetes and obesity over the life course. In the Chicago Diabetes in Pregnancy 
study, 12-year-old offspring of mothers with type 1 diabetes before their preg-
nancy, had a signifi cantly higher prevalence of impaired glucose tolerance than a 
non- concurrent age and sex-matched control group [ 31 ]. Similarly, a study in 
Pima Indian women showed that at every age before 20 years, offspring of women 
with type 2 diabetes had more chance of having type 2 diabetes than those of 
pre-diabetic and non-diabetic ones. Over-nutrition has been less studied than fetal 
undernutrition in this context. However, several studies suggest that high energy 
intakes resulting in maternal obesity, and diets high in fat, cholesterol, and carbo-
hydrates may infl uence the early embryo development, and have programming 
consequences. In humans, limited evidence suggests that maternal nutritional 
intake infl uences glucose metabolism in offspring. Clapp et al. demonstrated that 
compared with the offspring conceived by mothers on normal glycemix index 
diets, those offspring of high glucose mothers had higher birth weight and skinfold 
thickness [ 32 ]. 

 One general mechanism by which parental exposure may be linked to phenotypic 
changes later in their offspring’s life is the alteration of epigenetic marks. The dis-
covery of genomic imprinting, in which expression of certain genes is determined 
by the gender of the parent that contributes the allele, establishes that patterns of 
gene expression can be inherited without changes in the sequence of genomic DNA 
through silencing of one set of alleles. Widespread reprogramming of epigenetic 
marks, involving both active and passive demethylation and reorganization of 
histone modifi cation, occurs in early post-fertilization mammalian development to 
ensure totipotency of the developing zygote. 

 During oogenesis, the imprinting genes undergo a dramatic process of demethyl-
ation from the maternal allele while the non-imprinting genes maintain their 
imprinting status. Between fertilization and embryo development, the imprints 
of non-imprinting genes are erased and imprinting genes are reestablished. 
The imprinting genes may be involved in the development of the placenta and 
the advent of viviparity, but they are also important to the outcome of the embryo. 
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In the mouse, demethylation occurs at about E12 in both sexes and remethylation of 
the male genome begins at about E16 and is complete shortly after birth. In contrast, 
in the female, remethylation occurs during postnatal oogenesis, with some imprints 
being acquired relatively late, though the process is complete before metaphase 
Certain proteins such as TRIM28 can protect imprinting genes like H19 from 
demethylation in early embryo development, maternal TRIM28 knock-out mice 
demonstrate loss of imprinting in H19 DMR [ 33 ]. Because of the dramatic epigene-
tic change in the phase of oogenesis, maternal exposure to nutritional, chemical and 
physical factors have the potential infl uences to alter gene modifi cation, and, may 
increase adult disease susceptibility in various ways through changes in the epig-
enome, and lead to adverse consequences such as T2DM in later life. Animal studies 
have characterized epigenetic modifi cations that contribute to permanent alterations 
in genes involved in the regulation of energy homeostasis, such as leptin [ 34 ], SOCS3 
[ 35 ] and glucose transporter [ 36 ]. When an F0 gestating female is exposed, both the 
F1 and F2 generations might show the same phenotype as their parents. Epigenetic 
modifi cation in the F0 germ line may be a plausible mechanism. In some cases, the 
phenotypic changes are maintained in the F3 generation, which can absolutely rule 
out the toxicology of direct exposure to any environmental factors. 

 Some genomic targets are likely to be susceptible to gene-expression changes 
owing to environmental perturbations of epigenetic marks include the promoter 
regions of some important genes, transposable elements that lie adjacent to genes 
with metastable epialleles, which are defi ned as loci that can be epigenetically 
modifi ed in a variable and reversible manners. Only a few genes with metastable 
epialleles have been identifi ed, including the mouse A vy , Axin fu , and Cabp IAP  genes 
[ 37 ]. These variable epigenetic modulations can affect the expression of neighbouring 
genes, causing epigenetic mosaicism between cells and phenotypic variability. 
However, what role does this gene play in the development of adult T2DM? The 
Agouti gene encodes a paracrine signal molecule. A cryptic promoter in the proximal 
end of the A vy  IAP promotes constitutive ectopic agouti transcription, leading to 
different fur colour, with diabetes and obesity. 

 DNA copy number variation is also a pattern by which the maternal response to 
environment can be transmitted to the offspring. Mitochondrial DNA copy number 
is inherited through the maternal line, its synthesis during maternal germ cells 
development and preimplantation is likely susceptible to environment. For example, 
offspring of rat fed with abnormal fat/protein diet was found of changes in mito-
chondrial copy number [ 38 ]. Transmission of mitochondrial dysfunction could 
therefore involve maternal epigenetic processes [ 39 ]. For instance, the frequency and 
reproducibility of the vinclozolin (a former mentioned endocrine disruptor) induced 
transgenerational pathologies, and because of the rareness of DNA-sequence 
mutation (even with ionizing radiation, is normally less than 0.01 %), DNA-
sequence mutation may not be a main cause of dramatic changes in mitochondrial 
copy number and dysfunction.    The plausible explanation for these fi ndings is 
therefore that the vinclozolin-induced, epigenetic reprogramming of the parental 
germ line at the stage of gonadal sex determination and gametogenesis.  
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4.8.3     IVF and Embryo-Fetal Origins of Diabetes 

 In-vitro fertilization (IVF) involves hyper-ovulation and in vitro manipulation of 
gametes and early embryos. These non-physiological procedures can disturb the 
normal development of oocyte and lead to transgenerational adverse effects on 
the next generation. This period is vital for maternal epigenetics and so any inter-
ference may lead to alteration of the offspring’s epigenome and adult diseases. 
The presence of altered fetal growth, methylation alterations in the placenta, and 
transgenerational inheritance of imprinting errors in animals raises concern for 
global epigenetic changes following ART procedures. Several studies show that 
superovulation is associated with methylation changes in maternal and paternal 
alleles in both oocytes and blastocysts [ 31 ,  34 ]. Stouder demonstrated that imprinting 
errors after superovulation might have transgenerational effects on offspring [ 35 ]. 
In human research, effects of ART on a single maternal imprinting control region 
has been demonstrated in normal children. Gomes et al. found that 3 of 12 
ART-conceived children demonstrated KvDMR1 hypomethylation [ 36 ] . All three 
children had a dizygotic twin who expressed a discordant (normal) KvDMR1 
methylation pattern. This discordance was hypothesized to result from either 
differential vulnerability to imprinting of the embryos, or, epigenetic alterations that 
occurred during gametogenesis.  

4.8.4     Aberrant Spermatogenesis and Adult Diabetes 

 In human, adverse paternal conditions like obesity are associated with low birth 
weight in offspring, which is an independent risk factor for adult T2DM [ 40 ]. 
Exposure to endogenous, or exogenous, endocrine disruptors during the formation 
of male reproductive organs interferes with normal endocrine signaling. For 
example, the plastic component bisphenol A (BPA) acts as an estrogenic compound 
causing numerous pathologies including prostate cancer in low doses [ 41 ]. 
Abnormalities in mouse testicular Leydig cells are induced by chronic low dose 
exposure to arsenic [ 42 ]. 

 But more importantly, disruption during the critical time window of spermato-
genesis may have transgenerational effects promoting adult-onset disease to the 
next generations. An epigenetic change in the male germ line may be involved in the 
transgenerational transmission of some induced phenotypes, like impaired glucose 
intolerance and islet β-cell dysfunction. Guerrero-Bosagna et al. [ 43 ] reported 
that exposing to exogenous endocrine disruptors during mid-gestation, produces 
transmission defects from F1 to F4, and the phenotype includes adult-onset 
diseases. They ascribed this phenomenon to the abnormal development of the sperm 
of F1 male rats for several reasons. Firstly, the embryonic testis has a subset of 
genes that have their expression altered in a consistent manner in males from the 
F1 through the F3 generation. Secondly, DNA sequence mutations occur at a 
very low frequency. Russell and colleagues found some heritable deletions and 
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mutations in mouse germ cells induced by endocrine disruptors [ 44 ]. However, 
most environmental disruptors cannot cause as much damage as altering the DNA 
sequence and nucleotide composition. 

  DNA methylation  is an important part of epigenetic modulation during the period 
of sperm development. Environment is an equally important consideration in adult 
metabolic disease as because of its ability to regulate DNA modifi cation [ 45 ]. When 
identical twins develop in different geographic regions, they also have different 
disease frequencies, including diabetes [ 46 ]. There are also a large number of envi-
ronmental compounds and toxicants shown to promote disease, but most do not 
alter the DNA sequence [ 47 ]. Several studies have now shown marked effects of 
environmental toxic agents on the F3 generation through germline alterations in 
the epigenome. The endocrine disruptor vinclozolin, which is an anti-androgenic 
compound resulting in spermatogenic defects, causes male infertility at frequencies 
ranging from 20 to 90 %. The transgenerational pathogenesis phenotypes are 
transmitted to the majority of progeny for four generations and, although the trans-
generational effect is transmitted through only the male line, both males and females 
are affected. 

 Meanwhile, histone modifi cation plays a role in epigenetic programming during 
gametogenesis. During spermiogenesis, most of the histones are replaced by prot-
amines, leading to a loss of the epigenetic component. The sperm is, therefore, 
viewed as a passive carrier of the paternal genome with a disproportionately lower 
epigenetic contribution, except for DNA methylation, to the next generation. A 
small fraction of histones are retained in sperm, which include H2A, H2AX and H4 
[ 48 ]. Further, centromeric heterochromatin characterized by the presence of H4K8ac 
and H4K12ac, is inherited from the father [ 49 ]. Recent studies have also indicated the 
presence of testis-specifi c histone variants [ 50 ]. But, a recent study overturns this 
view by demonstrating a locus-specifi c retention of histones, with specifi c modifi -
cations in the sperm chromatin at the promoters of developmentally important genes 
[ 51 ]. The authors used high-throughput genomic techniques such as ChIP-on- chip 
and ChIP-sequencing, to identify regions in the sperm chromatin which are associated 
with histones. This provides evidence of a programmed retention of histones and 
locus-specifi c histone modifi cations. The locus-specifi c retention of epigenetic 
marks in sperm chromatin may play a role in the development of embryo-origin 
adult T2DM. Environmental factors may also cause retention in the sperm chromatin, 
which can be transmitted to the offspring and lead to abnormal gene expression, 
increasing the disease susceptibility. 

 Male mice, whose mothers consumed a high-fat-diet (HFD), were heavier, diabetic 
and insulin resistant, and, produced second-generation offspring who were insulin 
resistant, though not obese [ 52 ,  53 ]. In fact, HFD, as a well-known in-vitro endo-
crine disruptors, can increase sperm DNA damage in humans [ 54 ]. Ng and col-
leagues [ 55 ] focused on the paternal contribution to the onset of diabetes in next 
generation. They demonstrated that father’s HFD exposure programs β-cell ‘dys-
function’ in rat F1 female offspring, particularly the role of non-genetic factors in the 
causal pathway. Moreover, they performed genome-wide microarray analysis of 
isolated islets to explore mechanisms of impaired insulin secretion. Paternal HFD 
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altered the expression of 642 pancreatic islet genes in adult female offspring, 
including calcium-, MAPK- and Wnt-signalling pathways, apoptosis and the cell 
cycle. Impaired glucose tolerance and insulin secretion, in the absence of obesity, 
in these female offspring indicate that a paternal HFD targets the endocrine pan-
creas and β-cells. Other scientists had already shown that paternal lifestyle and 
particular environmental factors can affect spermatogenesis, and, may also interfere 
with Sertoli-cell proliferation, and the integrity of the blood–testis barrier, thus 
affecting DNA reprogramming of the gamete [ 56 ]. These fi ndings extend the 
concept of developmental and adaptive plasticity to include a paternal role in the 
early origins of diabetes, and, the underlying mechanisms seem to include epigenetic 
modifi cations.      
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    Abstract  
  Cardiovascular-related diseases are the leading cause of death in the world. 
The embryo-fetal origins of disease hypothesis asserts that pre-natal and early 
postnatal life exposures are critical in determining adult health because they 
are said to program organ function for life [1]. Embryo-fetal origins are an 
important potential explanation of cardiovascular diseases, which proposes 
that a stimulus or insult acting during critical periods of growth and develop-
ment may permanently alter tissue structure and function [2]. Epidemiological 
investigations clearly demonstrate close relationships between the intrauterine 
environment, and, adult cardiovascular diseases of the offspring. Animal 
experiments confi rm this relationship and suggest some possible mechanisms. 
In this chapter, we will discuss the evidence related to embryo-fetal origins of 
cardiovascular diseases.  
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5.1         Common Cardiovascular Diseases 

5.1.1     Hypertension 

 Hypertension is a major risk factor for stroke, myocardial infarction, heart failure, 
aneurysms, peripheral artery disease and is a cause of chronic kidney disease. There 
is a substantial literature showing that birthweight is associated with differences in 
blood pressure within normal range [ 3 ,  4 ]. The effects of early life exposure to 
famine on subsequent cardiovascular functions in childhood and adulthood have 
been derived from the Dutch Famine in World War II [ 5 – 7 ], and, the Chinese Great 
Famine in 1959–1961 [ 8 ]. These studies show that low birthweight is associated 
with high blood pressure both in children and adults, however, the differences in 
blood pressure in children and young adults are small. These small differences may 
progress to larger differences as vulnerable individual age. The contrast between 
this small effect of birthweight on blood pressure in children and the larger effect 
on later hypertension may refl ect amplifi cation of the low birth weight effect 
with aging. 

 Several hypotheses of hypertension originate from alterations in embryo-fetal 
nutrition. Unbalanced maternal nutrition might lead to premature activation of the 
maternal-fetal hypothalamic-pituitary-adrenal axis (HPA axis) and increased fetal 
cortisol levels that may alter the expression of the glucocorticoid receptor [ 9 ]. These 
alterations may infl uence growth and maturation of fetal organs, preterm delivery, 
the long-term functions of many organs, and may increase cardiovascular disease 
risk in adult [ 10 ]. Another hypothesis suggests that hypertension may result from 
the reduced number of nephrons in the kidneys of people who were small at birth 
[ 11 ]. In humans, fetal growth restriction is associated with reduced nephron numbers, 
reduced renal volume, and fewer glomeruli with increased glomerular volume [ 12 ]. 
Loss of glomeruli accompanying normal aging occurs in people born with a 
relatively low number of nephrons; accelerated glomerular loss occurs, along with 
a self-perpetuating cycle of rising blood pressure. Reduced glomerular numbers 
were also observed in animal models where fetal growth was constrained [ 13 ].  

5.1.2     Coronary Heart Disease 

 Coronary heart disease (CHD) is the narrowing or blockage of coronary arteries, 
usually caused by atherosclerosis. Atherosclerosis is the buildup of cholesterol and 
fatty deposits on the inner walls of the arteries. These plaques can restrict blood 
fl ow to the heart muscle by physically clogging the artery or by causing abnormal 
arterial tone and function. 

 Accumulating evidence suggests that CHD may originate during embryo-fetal 
development [ 1 ,  14 – 17 ]. In 1986, Barker et al. found that the geographic pattern of 
death rates among babies in Britain during the early 1900s was similar to the pattern 
of death rates from coronary heart disease in 1980s [ 14 ]. They showed that 
those, who had low birthweight and weight at 1 year, had increased risk of later 
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cardiovascular disease [ 1 ], especially in those who became obese [ 16 ]. On the other 
hand, a cohort study of 4,630 men who were born in Helsinki, Finland, suggests that 
those who were smaller at birth, remained small in infancy, but had accelerated 
weight gain and BMI thereafter (catch-up growth), were more likely to develop 
coronary heart disease later in life [ 17 ,  18 ].   

5.2     Pathophysiological Alteration 

5.2.1     Endothelial Dysfunction 

 Endothelial function describes the ability of fl ow-regulating arterioles to dilate 
under the stimulation of endothelial-cell-derived vasoactive mechanisms. These 
include release of nitric oxide and vasodilatory prostaglandins, as well as functional 
hyperpolarising factors. Endothelial dysfunction, or the loss of proper endothelial 
function, is a hallmark of vascular diseases, and is often regarded as a key early 
event in the development of atherosclerosis. Impaired endothelial function, causing 
hypertension and thrombosis, is often seen in patients with CHD, diabetes mellitus, 
hypertension. Endothelial dysfunction is predictive of future adverse cardiovascular 
events. Several studies have been designed to determine whether adults that were 
undergrown as fetuses have persistently impaired endothelial function. Using forearm 
plethysomography techniques, McAllister et al. [ 19 ] found evidence of endothelial 
injury in adults that were undergrown at birth based upon increased plasma von 
Willebrand factor, though did not fi nd a defi cit in the vasodilatory acetylcholine 
response. Studies in adult rats have also shown an association of either maternal 
protein restriction or reduced uterine blood fl ow during prenatal life with endothelial 
dysfunction in offspring [ 20 ]. However, in the rat model of nutritional imbalance, 
the offspring of rat fed an imbalanced diet during pregnancy later had elevated 
blood pressure, increased responses to salt loading, as well as reduced vasodilator 
function in the systemic arteries [ 21 ]. 

 Martin and colleagues [ 22 ] tested endothelial function in nine small babies (birth 
weight less than 2.5 kg) at 1 week of age. They showed a 2.4-fold increase in fl ow 
above baseline compared to a 6.5-fold increase for 10 babies of normal weight after 
administration of acetylcholine through the skin by iontophoresis, suggesting that 
low birth weight babies show signs of endothelial dysfunction. These studies indicate 
that global endothelial function is compromised in humans and animals that were 
stressed during fetal life, or, undergrown at birth, and, compromised endothelial 
function may lead to increased risk for coronary disease [ 23 ].  

5.2.2     Alteration in the Number of Cardiomyocytes 

 The number of cardiomyocytes is important because it infl uences the fi nal architecture 
of the coronary arterial tree. If the number of cardiomyocytes is greatly reduced, the 
size of the myocytes will be enhanced to accommodate the size of heart that is 
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needed to discharge the pump function of the adult heart. However, fewer large cells 
mean fewer capillaries and thus a myocardium that is potentially more vulnerable to 
ischaemic damage than normal. 

 Li et al. [ 24 ] reported that rat pups, subject to hypoxic conditions during 
gestation, have fewer but larger cardiomyocytes than pups exposed to normal oxygen 
levels, and, are more susceptible to infarction during periods of ischaemia and 
reperfusion as adults. These data indicate that prenatal hypoxic stress potently alters 
the growth and maturation of cardiomyocytes and reduces cardiomyocyte number, 
making the offspring more vulnerable to cardiovascular heart disease. 

 In severe cases of intrauterine growth restriction, placental vascular resistance 
increases with gestational age rather than decreasing as in normal development. 
Thus babies born under intrauterine stress may develop under the infl uence of an 
increased systolic and or diastolic pressure load. The studies based on human and 
animal models suggest that the number of fetal cardiomyocytes may decrease when 
they are shocked during fetal development, which may infl uence heart development 
in infants and adults.   

5.3     Embryonic and Fetal Exposures 

5.3.1     Periconceptional or Perimplantational Undernutrition 

 A rat model where a maternal low-protein diet (LPD) was administered exclusively 
during the 4 days of preimplantation followed by a control diet thereafter, is often 
used to study the effects of intrauterine undernutrition on the cardiovascular functions 
of offspring [ 25 ]. With this rat model, Kwong et al. compared LPD rats with an 
isocaloric normal protein diet (NPD), and found that LPD-induced hyperglycaemia 
and altered numbers of blastocyst cells, led to long-term changes in peri- and 
post-natal growth. There was increased risk of cardiovascular disease in offspring, 
notably hypertension. In a similar mouse model, another study demonstrated that 
LPD caused adult hypertension along with alterations in postnatal growth [ 26 ]. 
The effect of LPD before or after mating, specifi cally during the 3.5-day period of 
oocyte maturation period, resulted in a similar pattern of postnatal cardio-metabolic 
abnormalities [ 27 ]. 

 The rise in systolic blood pressure, evident in both male and female offspring 
following maternal LPD in rat or mouse during periconception, or oocyte maturation, 
is approximately 3 % [ 27 ]. Such an increase at population level is quite substantive; 
if manifest, for instance, within the human population in the UK, it would be 
equivalent to a 9 % rise in cardiovascular disease and about two million more people 
diagnosed as clinically hypertensive in the population [ 28 ]. The mechanisms which 
might link early protein-restriction nutritional defi cit with such a signifi cant adverse 
cardiovascular outcome may include attenuated vasodilatation and increased lung 
angiotensin-converting enzyme activity [ 29 ]. 

 The sheep model has also emerged as a critical model of the mechanisms 
underlying developmental programming that have clear correlation with adult health 
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while assessing the effect of maternal periconceptional undernutrition [ 30 ]. This 
dietary regimen usually leads to adult cardiovascular dysfunction. Targeting maternal 
undernutrition to the post-fertilization period (Days 1–30) resulted in elevated pulse 
pressure and altered barorefl ex response to angiotensin II in young adults, indicating 
that periconceptional undernutrition may program long-term cardiovascular 
dysfunction that ultimately increases the risk of hypertension in later life [ 30 ]. 
Pre- or peri-conceptional undernutrition also displayed increased vasoconstriction, 
or attenuated vasodilatation in the offspring of adult sheep, with the challenge 
affecting formation of vascular beds [ 31 ]. 

 Maternal, LPD-fed during the pre-implantation period (0–4.25 days after mating, 
before return to control diet for the remainder of gestation) induced programming 
of altered birth weight, postnatal growth rate, hypertension, and organ/body weight 
ratios in either male or female offspring up to 12 weeks of age [ 25 ]. Further 
study found that the methylation of imprinted genes was involved in these outcomes 
[ 32 ]. The conclusion was confi rmed by other researchers who found maternal 
LPD- fed leads to offspring with increased weight from birth, sustained hypertension, 
and abnormal anxiety-related behavior, especially in females [ 26 ]. A further 
study found this diet induced vascular dysfunction, and, elevated serum and 
lung angiotensin- converting enzyme (ACE) activity in female and male offspring. 
Elevated systolic blood pressure in offspring is associated with impaired arterial 
vasodilatation and elevated serum and lung ACE activity [ 29 ]. Another study in 
sheep also found elevated offspring blood pressure after maternal restricted peri-
conceptional nutrition [ 33 ]. Moreover, studies on pre- and peri-conceptional 
maternal undernutrition show greater vasoconstrictor responses in adult offspring. 
Endothelium-dependent and -independent vasodilatation was attenuated in pre- and 
periconceptional groups compared with controls [ 31 ]. 

 Maternal obesity also contributes to cardiovascular alterations in offspring. 
Embryo culture from two-cell to blastocyst stages in T6 medium led to increased 
systolic blood pressure at 21 weeks compared with in vivo development [ 34 ]. 
Moreover, activity of some regulators of cardiovascular and metabolic physiology 
was signifi cantly elevated in response to embryo culture and/or ET in female 
offspring at 27 weeks [ 34 ].  

5.3.2     Low Birth Weight 

 Other observations support the fetal origins hypothesis of cardiovascular disease. 
The associations between birthweight and later disease extend across the whole 
range of birthweight, and, are not confi ned to neonates with pathologically low birth 
weight [ 1 ,  3 ,  4 ]. This observation suggests that normal variations in the supply of 
nutrients to the fetus may have important effects on the health of the next generation. 
Underlying this fi nding is the idea that increased risks for low birthweight are not 
the long-term consequences of reduced total body size but rather the effects of 
reduced allocation of resources on the development of key systems including the 
vasculature, and, key organs including heart and kidney. 
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 Martin et al. reported that, at 3 days of age, forearm skin vasodilation responses 
to local application of Ach in SGA newborns, was signifi cantly attenuated compared 
to normal birthweight babies (240 % compared with a 650 % increase respectively, 
in blood fl ow measured by laser Doppler) [ 35 ]. Former low-birthweight children at 
9 years of age had impaired endothelium-dependent vasodilation (in response to 
local application of ACh), but not in response to the NO donor, sodium nitroprusside, 
(an endothelium-independent vasodilator) [ 35 ].  

5.3.3     Hypoxia 

 Hypoxia is critical for proper myocardial formation. There are several causes for 
hypoxia, such as high altitude, pre-existing maternal illness, pre-eclampsia, cord 
compression, smoking, pollution, hemoglobinopathy, and aberrant placental 
development. Prenatal hypoxia may alter myocardial structure and causes a decline 
in cardiac performance. Not only are the effects of hypoxia apparent during the 
perinatal period, but prolonged hypoxia in utero, also causes fetal programming of 
abnormality in cardiac development. Altered expression of cardioprotective genes 
such as protein kinase C epsilon, heart shock protein 70, and endothelial nitric oxide 
synthase, may predispose the developing heart to increased vulnerability to ischaemia 
and reperfusion injury later in life [ 36 ]. 

 Furthermore, tissue hypoxia alters gene expression. Hypoxia stabilizes HIF-1, -2 
and -3, a family of transcription factors that play central roles in cellular adaptation 
to insuffi cient oxygen, which sheds new light on the role of hypoxia in fetal heart 
maturation. Hypoxia promotes HIF-induced, up-regulation of erythropoietin (EPO), 
which stimulates erythropoiesis, inhibits apoptosis, and mobilizes endothelial 
progenitors for vessel growth by binding to EPO receptors [ 37 ]. Although it is not fully 
understood how HIF-1 dependent mechanisms coordinate in cardiogenesis, it is 
known that HIF-1 expression is vital for proper myocardial remodeling and coronary 
vessel formation. Intrauterine hypoxia increases HIF-1 expression, which was also 
found in the nuclei of avian cardiomyocytes undergoing apoptosis [ 37 – 39 ] implying 
that HIF-1 activity is involved in orchestrating the fate of avian cardiomyocytes. 

 Hypoxic stress increases vessel formation in fetal heart tissue, while hypoxia 
delays vessel growth [ 40 ]. Though fetal heart shows remarkable ability to survive 
and function under low oxygen tensions, chronic pathophysiological hypoxia is 
associated with numerous complications that have both short and long-term effects. 
Epidemiological studies indicate that pregnancies at high altitudes increase the risk 
of intrauterine growth restriction and low birth weight [ 41 ]. These factors are known 
to cause preterm birth, infant mortality, and an increased risk of developing 
cardiovascular- related diseases [ 42 ]. 

 Increasing evidence indicates that the adverse effects of prolonged hypoxia in 
utero are substantial. Studies have found that insuffi cient oxygen in utero produces 
myocardial thinning, ventricular dilatation, and epicardial detachment [ 43 ]. Other 
studies demonstrate cardiomyocyte hypertrophy and myocardial hypoplasia in fetal 
hearts subject to chronic hypoxia. 
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 Intrauterine stress via hypoxia induces changes in fetal heart morphology, and 
function. In a study examining the signifi cance of catecholamines in development, 
researchers reported hypoxia decreases the heart rate of fetal mice by 35–40 % in 
culture and by 20 % in utero when compared to wild-type hearts [ 44 ]. Possible 
explanations include decreased Mg 2+ -activated myofi brillar ATPase activity [ 45 ]. 

 Epigenetics has been implicated in fetal development as well as tumorigenesis. 
Epigenetic modifi cations alter gene expression patterns in the long-term. Zhang 
et al. showed that cocaine exposure in utero increases hypermethylation of CpG 
dinucleotides of SP1 binding sites for PKCξgene in left ventricles of 3-month-old 
rats [ 46 ]. Meyer et al. used DNA methylation inhibitors 5-aza-2-dexycytine and 
procainamide, to block cocaine-mediated down-regulation of PKCξ [ 47 ]. These 
fi ndings link epigenetics via DNA methylation in utero with an increased suscepti-
bility to coronary heart disease in later life. The similarities between prenatal 
hypoxia and cocaine exposure are striking, and it is possible that the underlying 
mechanisms are concurrent [ 48 ].  

5.3.4     Prenatal Nutrient Imbalance 

 Prenatal nutrient imbalance can be induced by reducing overall maternal food intake 
or by protein restriction in an isocaloric diet, or, glucocorticoid exposure without 
any change in diet. In offspring of rats subject to a 50 % caloric reduction, blood 
pressure is signifi cantly increased at 4 weeks of age [ 49 ]. In female adult offspring 
of rats fed an low protein diet for 14 days prior to mating and for the whole of gesta-
tion, systolic BP appears to decrease progressively from 9 to 21 weeks of age when 
the difference between the low protein and the control groups was minimal [ 49 ]. 

 Much attention has been focused on fetal undernutrition, as a facilitator of pre-
disposition to later disease, but there is evidence that excessive energy supply to the 
fetus or infant also has adverse consequences. Maternal hyperglycemia, for example, 
may lead to fetal hyperinsulinemia. Offspring of obese women, or, women with 
diabetes are at greater risk of developing metabolic disorders themselves, including 
hypertension and cardiovascular heart disease in adults [ 50 ].  

5.3.5     Maternal Smoking 

 Maternal smoking is one of the most important modifi able risk factors for low birth 
weight [ 51 ]. Several studies have shown that blood pressure is higher among children 
of mothers who smoked during pregnancy [ 52 ]. Smoking during pregnancy will 
decrease oxygenation of the maternal-fetal unit, associated with complications of 
pregnancy such as fetal apnea, increased carboxyhemoglobin levels, increased 
placenta-to-birthweight ratios, placenta previa and abruptio placentae, and reduced 
uterine and placental blood fl ow [ 53 ]. The association between smoking during 
pregnancy and elevated childhood blood pressure suggests an increase in peripheral 
vascular resistance which leads to decreased blood fl ow and oxygen delivery. 
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Stopping smoking during early pregnancy may prevent the adverse effects on the 
blood pressure of offspring [ 52 ]. 

 A long term follow-up study showed that fetal exposure to maternal smoking is 
associated with an increased rise in total cholesterol levels and appears to lead to an 
adverse lipoprotein profi le [ 54 ]. Fetal exposure to maternal smoking may also nega-
tively affect the vascular wall, and, eventually lead to atherosclerosis [ 55 ].  

5.3.6     Preterm Delivery 

 Siewert-Delle and Ljungman investigated 430, 49-year-old Swedish men and found 
that adult blood pressure appears to be related to different variables at different 
stages of gestation [ 56 ]. In preterm subjects, gestational age appeared to have a 
signifi cant impact on adult blood pressure, and every additional week of gestational 
at birth was associated with a decrease in adult systolic BP of 7.2 mmHg. However, 
in subjects born at term or later, adult blood pressure was not correlated with 
birthweight, but only with adult BMI [ 56 ]. In women, former preterm adolescents 
and young adults have higher BP, an increased resistance in the vascular tree 
and abnormal retinal vascularization, after puberty [ 57 ]. These fi ndings may have 
implications for future cardiovascular risk in the growing adult population surviving 
preterm birth.  

5.3.7     Exposure to Glucocorticoids 

 Glucocorticoids are associated with long-term organizational effects; glucocorti-
coid treatment during pregnancy has been shown to reduce birthweight in animals 
and humans [ 58 ]. In rats, antenatal dexamethasone treatment leads to hypertension, 
elevated hepatic gluconeogenic enzymes and impaired glucose tolerance in adult 
offspring [ 59 ]. In humans, glucocorticoids are widely used in the management of 
women at risk of preterm delivery to enhance fetal lung maturation, and, in the 
antenatal management of fetuses at risk of congenital adrenal hyperplasia. Human 
studies have confi rmed that antenatal glucocorticoid administration is associated 
with a reduction in birth weight [ 60 ], which also is linked with high blood pressure 
in adolescence [ 61 ].  

5.3.8     Exposure to Endocrine-Disrupting, 
Environmental Pollutants 

 Prenatal exposure to common environmental pollutants which have endocrine 
activity (‘endocrine disruptors’) has been shown in animal studies to result in 
cardiovascular disease in later life [ 62 ]. Chemicals shown to have this effect 
include oestrogenic compounds such as diethylstilbestrol (DES, used in the past 
to prevent miscarriage), bisphenol A (BPA, a weak oestrogenic component of 
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polycarbonate plastic used in food containers), polychlorinated biphenyls (PCBs, 
used in electrical equipment), dichlorodiphenyl dichloroethene (DDE, a break-
down product of the pesticide DDT) and phytoestrogens (derived from soya 
products) [ 62 ].   

5.4     Mechanisms by Which Cardiovascular 
Disease Is Programmed in Utero 

 Fetal origins of cardiovascular disease may help to understand the underlying 
mechanisms for chronic diseases, such as hypertension, coronary heart disease, etc. 
Studies have indicated that the pathogenesis of cardiovascular disease and related 
disorders depends on a series of interactions that occur at different stages of 
development. To begin with, the effect of the genes acquired at conception may be 
conditioned by early intrauterine environment [ 63 ,  64 ]. 

5.4.1     Hypothalamo-Pituitary-Adrenal Axis Regulation 

 Pregnancy results in major changes in the hypothalamo-pituitary-adrenal axis, which, 
in turn, infl uences fetal growth and the timing of labor [ 65 ]. From the beginning of 
the second trimester maternal cortisol secretion increases, and in late pregnancy the 
placenta, in large part mediated through corticotroph-releasing hormone, plays a 
crucial role in the regulation of the fetal HPA axis to ensure the synchronization of 
different processes involved in parturition.  

5.4.2     Molecular Changes 

 Fetal undernutrition and fetal glucocorticoid overexposure may be linked by common 
mechanisms. The enzyme, 11β-hydroxysteroid dehydrogenase type 2, converts 
active glucocorticoids to inactive products, and is present in the placenta [ 66 ]. This 
enzyme may act as a barrier to protect the fetus from maternal glucocorticoids. 
Reduced placental 11β-hydroxysteroid dehydrogenase type 2 gene expression has 
been reported in human pregnancies complicated by intrauterine growth retardation 
[ 66 ]. Thus, maternal malnutrition potentially exerts programming effects by inducing 
fetal overexposure to the effects of maternal glucocorticoids.  

5.4.3     Mitochondrial Dysfunction 

 Mitochondria are double-membrane organelles that perform multiple intracellular 
functions, most notably the production of ATP as an energy source, and the 
generation of reactive oxygen species [ 67 ]. Exposure to maternal undernutrition 
is associated with a decrease in mitochondrial respiration in kidneys of adult 
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rats, and leads to increased oxidative stress and/or a dysfunctional fuel supply in 
mitochondria [ 68 ]. These fi ndings may explain the long-term impact of the maternal 
diet in offspring.  

5.4.4     Sex-Specific Effects 

 A number of sex-specifi c effects have been described in animal models of fetal 
programming [ 69 ], with females appearing to be more sensitive to some pro-
gramming effects. Human studies have revealed some sex differences in long-term 
disease risks associated with low birth weight or exposure to famine prenatally [ 70 ]. 
Such sex-specifi c effects may represent the differential sensitivity of males and 
females to programming phenomena with stronger programming in females ampli-
fying the matrilineal pattern of intergenerational inheritance.  

5.4.5     Epigenetic Changes 

 Several studies indicate that impaired fetal growth and in utero exposure to risk 
factors may be relevant for the early onset of cardiovascular damage. Epigenetics 
may represent a possible explanation of the impact of such intrauterine risk factors for 
the subsequent development of cardiovascular diseases during adulthood. Different 
epigenetic effects that change in utero environment depend on the gestational age. 

 Examples of epigenetic mechanisms include coordinated changes in the meth-
ylation of cytidine-guanosine (CpG) nucleotides in the promoter regions of specifi c 
genes, changes in chromatin structure through histone acetylation and methylation, 
and post-transcriptional control by microRNA [ 71 ]. Epigenetic modifi cations are 
gene-specifi c and cell-type-specifi c. Since only a small set of enzymes is involved in 
making these modifi cations, it is likely that this specifi city is directed by interactions 
between DNA and small RNA molecules. Developmentally-induced epigenetic 
modifi cations of DNA are generally stable during the mitotic cell divisions that 
continue throughout a lifetime. Challenges during pregnancy or neonatal life in 
experimental models of programming result in changes in promoter methylation 
and thus directly, or indirectly, affect gene expression in pathways associated with a 
range of physiologic processes. The effects of maternal nutrition and behaviour 
clearly target the promoter regions of specifi c genes rather than being associated 
with global changes in DNA methylation.  

5.4.6     Intergenerational Influences 

 Increasing evidence shows that the programmes targeting adult life, that relate to the 
health, growth and development, in fetuses exposed to adverse environments can be 
transmitted from one generation to the next generation [ 72 ]. The developmental cue 
is not limited to the nutritional environment during the period of gestation; rather, 
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the information passed to the fetus or neonate from conception to weaning is a 
summation of maternal nutritional experience, integrating a lifetime of signals from 
the mother, and perhaps even the grandmother [ 73 ]. For example, in rat models, 
exposure during pregnancy to a low-protein diet results in elevated blood pressure 
and endothelial dysfunction in fi rst generation (F1). These changes can be transmitted 
to the secondary generation (F2) without further challenge to members of the F1 
generation [ 74 ]. The mechanism of intergenerational transfer is unclear. Potential 
explanation for intergenerational effects include: (1) that genetic attributes may 
manifest themselves similarly in mother and offspring; (2) that adverse extrinsic 
environmental conditions may persist across generations; and (3) that adverse in 
utero experiences may permanently affect maternal growth and development, altering 
her metabolism in such a way as to provide an adverse environment for her fetus. 
This last hypothesis suggests a mechanism by which programming effects may be 
self-perpetuating through several generations.   

5.5     Conclusions 

 There is evidence from animal and human research that nutrient imbalance, hypoxia 
and other exposures during pre-natal development have lifelong effects on the path-
ways that regulate endothelial function, and, numbers of myocardiocytes. These may 
induce cardiovascular diseases. Both human models and animal models, maternal 
nutrient imbalance, hypoxia, chemical exposure, fetal gluco-corticoid exposure, have 
all been shown to cause increased cardiovascular diseases in the offspring, with 
transmission to the F2 offspring. These are examples of “programming”, whereby 
transient exposures occurring during critical periods of early development, perma-
nently alter gene expression and the lifelong structural and metabolic phenotype. 
They represent non-genetic mechanisms for inter-generational (mother- offspring) 
pathways of disease risk.     
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    Abstract  
  Epidemiological and animal studies indicate that carcinogenesis may start as 
early as the prenatal period. Modifying the prenatal environment may alter genes 
through the epigenetic route, and, these alterations may be inherited by the off-
spring. Epigenetic factors like nutritional factors, endocrine disruptors, infection 
and lifestyle may affect tumour development, or, target cell differentiation to 
increase susceptibility to cancer. In this chapter, we discuss the evidence related 
to embryo-fetal origins of tumours.  

6.1         Breast Cancer 

 The mammary gland has three phases for growth when developmental events take 
place that are sensitive to exogenous factors: (a) prenatal period (mammary bud 
development), (b) peripuberty period (exponential mammary growth), and (c) preg-
nancy period (differentiating breast) [ 1 ]. Oestrogen plays a critical role in breast 
cancer development across the female lifespan. In 1990, Trichopoulos [ 2 ] postulated 
that breast cancer may originate in utero because the developing fetus is exposed to 
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oestrogen levels up to tenfold higher than at any other time in the individual’s lifetime. 
He proposed that exposure of the fetus to high concentrations of oestrogens, or 
other growth factors, may increase the susceptibility of mammary tissue to undergo 
tumorigenesis later in life. Since then, researchers have studied many proxy measures 
of the oestrogenic environment in utero and other perinatal factors associated with 
risks of breast cancer, including maternal characteristics, maternal nutrients intake, 
birth characteristics, endocrine-disrupting chemicals (EDC) and other pregnancy-
related complications. In utero exposure to those factors may affect breast cancer 
risk by altering the hormonal environment of the fetus, and, the morphological and 
functional development of the mammary gland by determining the number of breast 
progenitor cells [ 1 ,  3 ,  4 ]. Data is limited about the infl uence of intrauterine factors 
on male breast cancer incidence. Reports show no, or at best a weak, association 
between birth weight and male breast cancer risk [ 5 ]. 

6.1.1     Maternal Age 

 Older pregnant women have higher serum concentrations of oestrogen [ 6 ]. That 
means fetuses of older mothers face increased oestrogen exposures and may have 
increasing risk of breast cancer [ 6 ]. A 15-year increase in maternal age is associated 
with a 29 % increase in the risk of breast cancer in daughters [ 7 ], and a 25 % increase 
in the risk adjust for the daughter’s age, reproductive history, and other possible 
confounding factors [ 7 ]. 

 Two recent meta-analyses also show that being born to an older mother is associated 
with higher breast cancer risk [ 8 ,  9 ]. Findings from studies that separately assessed 
premenopausal and postmenopausal breast cancer also suggest that maternal age is 
associated with increased risks of breast cancer in daughters. The cut-off above 
which there is an increased risk of breast cancer ranges from a maternal age of 
25–35 [ 9 ]. However, fi ndings from the Western New York Exposures and Breast 
Cancer (WEB) Study indicate that maternal age at delivery is not associated with 
risk in either pre- or postmenopausal women [ 10 ].  

6.1.2     Pre-pregnancy BMI and Weight Gain 

 Increased weight gain during pregnancy is associated with higher levels of 
oestrogen [ 11 ]. Higher, pre-pregnancy, body mass index (BMI) is associated 
with lower levels of estradiol (E 2 ), and, with higher insulin and lower insulin like 
growth factor binding protein 1 (IGFBP1) [ 12 ], that may interact with E 2  to promote 
oncogenesis. 

 Sanderson et al. [ 13 ] reported that women whose mothers gaining 25–34 lb during 
pregnancy have an increased risk of breast cancer, while there was no indication 
of increased risk for mothers who gained 35 or more pounds, or, less than 15 lb. 
However, another study reported that weight gain during pregnancy showed no 
correlation with increasing a daughters’ risk of breast cancer [ 14 ].  
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6.1.3     Maternal Dietary Intake 

6.1.3.1     Polyunsaturated Fatty Acid (PUFA) 
 N-3 and n-6 PUFA are specifi c dietary factors which play pivotal roles in fatty acid 
metabolism; n-3 PUFA may have protective effects on tumour development, while 
n-6 PUFA has a tumour promoting effect [ 15 ,  16 ]. Pregnant women taking n-3 
PUFA have elevated estrogen levels that are linked to reduced, rather than increased, 
breast cancer risk among their offspring [ 15 ,  16 ] suggesting that other effects of n-3 
PUFA may counteract the effects of high fetal oestrogenicity on the mammary 
gland [ 16 ]. Studies also show a preventive effect of fi sh oil supplementation during 
the perinatal period on subsequent, carcinogen-induced, mammary tumour risk [ 17 ].  

6.1.3.2     Methyl Nutrients 
 Maternal, high-dose methyl nutrients, such as lipotropes, intake during pregnancy 
decrease both expression of DNA methylation-related gene histone deacetylase 1 
(Hdac1), and, the risk of developing carcinogen-induced, mammary tumors in 
female offspring [ 18 ]. Studies also show that pups from folic acid supplemented 
dams showed a lower number of terminal end buds (TEB) than controls; terminal 
end buds are may relate to increased mammary tumour risk in offspring [ 19 ]. On the 
contrary, in a dimethylbenz[a]anthracene (DMBA) induced breast cancer model, 
high intrauterine dietary exposure to folic acid may increase the risk of mammary 
tumours in the offspring through altered DNA methylation and methyltransferase 
activity [ 20 ].  

6.1.3.3     Soy Products and Fibre 
 Soy products contain isofl avones including genistein and daidzein, which have 
weak oestrogenic effects. Intake during adult life seems to reduce breast cancer risk 
[ 21 ], though exposure to isofl avones or genistein during fetal periods may have 
opposite effects. The carcinogen-induced, mammary tumorigenesis was increasing 
in maternal exposures to genistein in female rat offspring [ 22 ]. Maternal intake of 
milk containing high levels of isofl avones also increase mammary carcinogen- 
induced mammary carcinogenesis in female rat offspring [ 23 ]. Maternal exposure 
to whole wheat during pregnancy may decrease offspring’s breast cancer risk by 
improving DNA damage repair mechanisms [ 24 ].   

6.1.4     Maternal Lifestyle 

6.1.4.1     Smoking 
 Maternal cigarette smoking causes small reductions in total serum oestrogen 
levels [ 25 ,  26 ], as well as increased alpha fetoprotein (AFP) and reduced human 
chorionic gonadatropin (hCG) levels [ 26 ,  27 ]. That means decreased oestrogen 
exposure for the fetus, and possibly, a decreased breast cancer risk. Data from the 
National Cooperative DES Adenosis (DESAD) Project suggests fetal exposure to 
maternal smoking appears to be inversely associated to breast cancer incidence, 
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especially for women whose mothers smoked 15 cigarettes or fewer per day [ 28 ]. 
Several studies report no signifi cant association between breast cancer risk and 
maternal smoking [ 8 ,  29 ].  

6.1.4.2     Alcohol 
 Alcohol intake may increase serum estrogen levels by stimulating aromatase activity 
[ 30 ]. An early report indicated no association between alcohol intake and risk of 
breast cancer in daughters [ 13 ]. However, in animal studies, maternal alcohol intake 
increased female offspring’s mammary tumorigenesis by affecting persistently in 
morphology and gene expression of the fetal mammary gland programming [ 31 – 33 ]. 
In addition, those animals may develop more tumours with phenotypic characteris-
tics of poor-prognosis breast cancer [ 31 ], and, they suggested that alterations in the 
IGF and E 2  systems may take part in the underlying mechanisms [ 31 – 33 ].   

6.1.5     Maternal Illness and Medication Use 

 Women, who had been exposed to famine in utero, were found to have a higher 
incidence of breast cancer compared to unexposed women [ 34 ]. Daughters, whose 
mothers had a lifetime history of diabetes, were showed with a decreased risk of 
breast cancer, and also with the strongest negative association of breast cancer on 
premenopause being among premenopausal breast cancer [ 35 ]. 

 Pregnant women with pre-eclampsia have shorter gestational ages and higher 
levels of androgens and lower oestrogen levels than women in normal pregnancies 
due to placental dysfunction and defi cient aromatisation of androgens in the placenta 
[ 36 ]. All those factors may play a role in decreasing fetal estrogen exposure, and, 
may explain decreased risks of breast cancer in offspring [ 37 ].  

6.1.6     Gestational Age 

 Oestrogen exposure of the fetus in utero is determined by maternal oestrogen 
concentrations and gestational age. Data from epidemiological studies suggest 
that maternal hormones are higher in pregnancies that end prematurely [ 38 ,  39 ]. 
Meta- analyses found no association between prematurity and breast cancer risk [ 8 ,  9 ]. 
Protective effect of prematurity for breast cancer risk was reported in one study 
[ 40 ]. However, others have found that women born at ≤33 weeks gestation were 
almost 4 times more likely to develop breast cancer compared with those born at 
>33 weeks [ 36 ]. One possible mechanism is that differentiation of stem cells in 
human breast tissue cells is inhibited in pre-term fetuses, and, the risk of breast 
cancer is increased in later life [ 40 ,  41 ]. Low survival rates of pre-term infants 
may differentiate pre-term infants who survived to adulthood and showed a risk of 
developing breast cancer [ 42 ].  
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6.1.7     Twin Membership 

 Dizygotic twins have separate placentae and may be exposed to increased levels of 
pregnancy-related hormones compared to monozygotic twins or singletons who 
only have one placenta. However, twins may be delivered preterm to avoid 
pregnancy- related complications, and, thus be exposed to hormones for shorter 
times than singletons. Monozygotic twins typically have a shorter gestation than 
dizygotic twins [ 43 ]. Although confl icting results exist, twins, especially dizygotic 
twins, may represent an increased risk for breast cancer. One recent meta- analysis 
noted no association between monozygotic twins and breast cancer. Separate analysis 
of dizygotic twins suggests a signifi cant increased risk of breast cancer. Combined 
studies of both types of twins show decreased risks of breast cancer, though with 
marginal statistical signifi cance [ 9 ]. Elevated levels of Oestrogens and hCG have 
been proposed as one possible reason for the association between dizygotic twins 
and risks of breast cancer [ 44 ].  

6.1.8     Birth Size 

 Body size is measured by birth weight, birth length, or head circumference. Birth 
length is strongly associated with birthweight [ 45 ]. Birthweight and birth length are 
both positively associated with oestrogen concentrations in maternal blood [ 46 ]. 
And both may have similar associations with increased risks of breast cancer [ 9 ,  45 ] 
. One recent meta-analysis [ 47 ] showed a signifi cant effect of breast cancer risk with 
increased birth weight (>4,000 g) compared with the lowest category of birth weight 
(<2,500 g) among women of all ages. The results indicate that breast cancer risk 
increased approximately 7 % per kilogram increase in birthweight, similar to the 
WCRF report which indicated that breast cancer risk might increase 8 % per 
kilogram increase in birthweight [ 48 ]. The mechanisms underlying the association 
may include exposure to high levels of oestrogens and elevated levels of growth 
hormones that may increase the number of susceptible stem cells in the mammary 
gland [ 45 ,  49 ].  

6.1.9     Endocrine-Disrupting Chemicals 

 Environmental endocrine disruptors are defi ned by the US Environmental Protection 
Agency as ‘exogenous    agents that interfere with the synthesis, secretion, trans-
port, binding, action, or elimination of natural hormones in the body that are 
responsible for the maintenance of homeostasis, reproduction, development, 
and behaviour’. Studies show a positive correlation between breast cancer inci-
dence and endocrine disruptor exposure in utero such as DES, BPA, dioxin and 
Vinclozolin. 
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6.1.9.1     DES 
 Diethylstilbestrol (DES) is an orally active synthetic estrogen that was fi rst 
 synthesized in 1938. This potent synthetic estrogen was administered to women 
during spontaneous miscarriage between the years 1948 and 1971 in the US, Europe 
and Australia. Subsequent, adverse health outcomes halted its usage. 

 The fi rst prospective study on the infl uence of DES suggested that women with 
prenatal exposure to DES showed an increased risk of breast cancer after age 
40 years [ 50 ]. National Cancer Institute (NCI) DES follow-up study also revealed a 
similar infl uence on breast cancer incidence after age 40 [ 51 ]. The excess risk 
among exposed women over 40 years of age, was found to be 1.7 % for breast cancer 
diagnosis [ 52 ]. 

 European studies, a large cohort of 12,091 DES-daughters, found no increased risk 
of cancer, but its median age at the conclusion of follow-up was only 44.0 years [ 53 ].  

6.1.9.2     Bisphenol A (BPA) 
 BPA is a component of polycarbonate plastics and has been used in a wide range 
of products including baby bottles, food beverage containers and dental sealants. 
Fetal bisphenol A exposure increases the number of terminal end buds (TEBs), and, 
the susceptibility of the mammary gland to transformation. Pre-neoplastic and 
neoplastic lesions in the mammary gland may also be induced by BPA exposure 
alone [ 54 ,  55 ]. 

 Prenatal exposure to BPA increases carcinogenic susceptibility in a dose- dependent 
manner [ 56 ,  57 ]. Tamoxifen may reverse the effects of BPA [ 57 ], which suggested 
oestrogenic effects may be a possible explanation for BPA’s effect.  

6.1.9.3     TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) 
 TCDD is an endocrine disrupter with anti-oestrogenic effects. Prenatal TCDD 
exposure predisposes the offspring of rats to developing mammary cancer later in 
life in a DMBA-model of rodent mammary carcinogenesis [ 58 ]. Epigenetic mecha-
nisms may alter the mammary proteome include a decrease in superoxide dismutase 1 
(SOD1) and mammary gland differentiation [ 58 ,  59 ].  

6.1.9.4     Vinclozolin 
 Vinclozolin is a fungicide used in agricultural crops and is an anti-androgenic 
compound. Transient embryonic exposure to vinclozolin at the time of gonadal sex 
determination in rats increased incidence of tumours including breast cancer. It may 
result from epigenetic alterations in the male germ line [ 60 ].   

6.1.10     Growth and Endocrine Factors 

6.1.10.1     Oestrogen 
 Trichopoulos [ 2 ] proposed that prenatal exposure to estrogen may have a relationship 
to breast cancer. Oestrogen concentrations and secretion vary widely between 
individuals and this variability was partly accounted for by exogenous factors. 

D. Zhang et al.



115

Researchers have made great efforts to search for the ideal proxy for oestrogen 
exposure like gestational age, birth size and twins. And the changed estrogen con-
centrations caused by exogenous factors like alcohol, smoking, soy products and 
endocrine-disrupting chemicals is considered the possible explanation for their 
efforts. Increased exposure to oestrogens does not explain the varying incidence of 
breast cancer. Circulating estrogen concentrations are higher in Asian pregnancies and 
in Asian-American neonates where the breast cancer incidence is low [ 61 ,  62 ]. 

 Oestrogen receptors (ERs) including ERα and ERβ are nuclear transcription 
factors that regulate the expression of certain genes. ERs have been localized in 
breast epithelial cells as early as 30 weeks gestation [ 63 ]. Oestrogen binds to 
oestrogen receptors to exert its effect, and, exogenous factors during the fetal period 
may have effects on ER expression and subsequent gene expressions. Maternal 
alcohol and fl ax seed intake during pregnancy increase oestrogen receptor-α 
expression [ 32 ,  64 ].  

6.1.10.2     Androgens 
 Elevated androgen concentrations and sex-hormone binding globulin (SHBG) levels 
have been observed in Asian and African-American (low incidence of breast cancer) 
compared to Caucasian pregnancies (high incidence of breast cancer [ 65 ]). SHBG 
may inhibit oestradiol-induced, breast cancer cell growth and proliferation and is 
associated with a reduced risk after oestrogen exposure [ 66 ]. 

 Although epidemiological data are limited, observations also show a protective 
effect of prenatal androgens on breast cancer risk [ 67 ]. Pre-eclamptic pregnancies 
may be a protective factor for breast cancer, but may also increase the release of 
androgens by reducing aromatase gene expression [ 68 ]. While antiandrogenic 
compound, vinclozolin, increases tumour incidence including breast cancer after 
exposure during the embryonic period [ 60 ].  

6.1.10.3     Insulin-Like Growth Factors 
 Insulin-like growth factors (IGF) are an important regulatory pathway in breast 
cancer. The IGF system comprises of ligands (IGF-I and IGF-II), their cognate 
receptors, IGF-binding proteins (IGFBP-1–6), and IGFBP proteases. They may 
act synergistically with oestrogens system to exert effects on breast cancer cells 
[ 69 – 71 ]. IGF may play a role in associations of prenatal factors with breast cancer 
risk. And the balance of IGF-1 and IGF-2 in cord blood may be a cruial role of early 
life determinant of later, breast cancer risk [ 65 ]. Alcohol exposure in utero enhanced 
IGF and E2 which also increases breast cancer risk in adulthood [ 31 ,  33 ]. In normal 
pregnancies, birth size has a strong relationship with cord IGF-I concentrations 
[ 72 ], which is associated with breast cancer risk.  

6.1.10.4     α-Fetoprotein (AFP) and Human Chorionic 
Gonadotropin (hCG) 

 Levels of AFP and hCG during pregnancy may be related to maternal breast cancer 
risk [ 73 ,  74 ]. High levels of hCG occur in dizygotic twins who also have increased 
risks of breast cancer compared to singletons. Pregnant women smokers have 
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increased alpha fetoprotein (AFP) levels and reduced hCG levels [ 26 ,  75 ], and, 
reduced risks of breast cancer in their daughters [ 28 ]. Reduced placental function 
with reduced transfer of maternal blood components to the fetus, may explain this 
protective effect [ 26 ].   

6.1.11     Possible Mechanisms 

 A number of attempts were carried on to develop hypotheses about mechanisms that 
might explain the prenatal risk factors on breast cancer or other disease. 

6.1.11.1     Mammary Gland Morphology 
 Mammary gland morphology is usually evaluated by (a) ductal development, by 
measuring the distance from the lymph node to the end of the epithelial tree, and, 
distance from the tip of the epithelial tree to the end of fat pad. (b) the amount of 
terminal ductal lobular units (TDLUs) in human and terminal end buds (TEBs) in 
rats, and, (c) the density of mammary tissue. TDLUs and TEBs located at the 
distal end of the mammary epithelial tree are epithelial targets for malignant 
transformation and initiation site of breast cancer [ 76 ]. Mammographic density is 
one of the strongest risk factors for breast cancer [ 77 ,  78 ]. Birthweight was 
positively associated with increased mammographic breast density in postmeno-
pausal women [ 77 ]. 

 Epigenetic factors in the fetal period may infl uence programming in utero and 
breast cancer risk in adulthood. Rats exposed to alcohol in utero had an increased 
number of TEBs [ 32 ], and folic acid-supplemented dams had a signifi cantly lower 
number of terminal end buds in daughters [ 19 ] suggesting that exposure to exoge-
nous factors during fetal life modify development of the mammary gland. Perinatal 
treatment with oestrogen and EDCs with oestrogenic properties also promote 
mammary gland development in size, density and number of TEBs [ 1 ,  54 ].  

6.1.11.2     Mammary Stem Cells 
 Rudland and colleagues fi rst isolated possible candidates for stem cells in human 
breast immortalized epithelial cell lines more than two decades ago [ 79 ]. Mammary 
gland may be the only organ that is not fully developed until lactation. During the 
different periods of prenatal, early childhood, puberty, pregnancy and lactation, primi-
tive mammary gland structure evolves to different types of breast [ 76 ]. Although 
mammary stem cells are thought to arise primarily during the fetal/perinatal period, 
it is hard to identify the stem cells in fetal breast tissues for technical reasons [ 4 ]. 
Recently, measurable breast and hematopoietic stem cells were isolated in human 
umbilical cord blood which provided a plausible mechanisms for a prenatal infl uence 
on breast cancer risk [ 80 ]. It also provided an alternative way to verify the role of 
stem cells in the intrauterine and perinatal infl uences like estrogen on stem-cell 
burden and susceptibility to breast cancer. 

 Epigenetic factors during fetal life may have an infl uence on breast cancer 
risk. These studies will help us clarify the mechanism of breast cancer occurrence. 
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And since epigenetic alterations are considered to be more easily reversible compared 
to genetic changes, epigenetic therapy could facilitate new methods for the treatment 
of breast cancer [ 81 ].    

6.2     Cancer of Vagina and Cervix 

 Exposure of developing tissues to an adverse stimulus during crucial periods of 
development may increase the risk of many diseases, including cancer, later in life 
[ 82 ,  83 ]. Diethylstilbestrol (DES) is the most common one that was administered to 
several millions of pregnant women worldwide from the late 1940s to the early 
1970s, to prevent miscarriages and other pregnancy complications [ 84 ,  85 ]. Among 
women exposed prenatally, adverse health effects include cancers of the vagina, 
cervix and uterine and reproductive tract abnormalities before age 30 years. DES 
exposure increases excess risks for cancer of the vagina and cervix (CCA) [ 51 ,  53 , 
 86 ,  87 ] . The daughters of women who took DES during pregnancy (DES daughters) 
were frequently diagnosed with cervical intraepithelial neoplasia, and with a signifi -
cantly increased rate of a rare type of vaginal clear cell adenocarcinoma [ 86 ,  87 ]. Of 
12,091 DES-exposed women, 348 verifi ed cancers occurred at a median age at end 
of 44.0 years. The risk of clear cell adenocarcinoma of the vagina and cervix (CCA) 
increased, and, the elevated risk persisted beyond 40 years of age [ 53 ]. 

 Animal studies suggest that neonatal DES exposure causes increased expression 
of EGF and TGF-a mRNA, possibly resulting in the induction of persistent pro-
liferation and cornifi cation of vaginal epithelium in mice [ 51 ]. DES exposure in 
utero leads to imbalances in expression of c-jun, c-fos, c-myc, bax, bcl-2, and 
bcl-x protooncogenes [ 53 ]. Other oestrogen responsive genes, e.g. lactoferrin gene, 
cause demethylation following DES exposure. Abnormal gene imprinting may also 
be involved in tumour induction and other cellular alterations in the reproductive 
tract [ 88 ].  

6.3     Uterine Leiomyoma 

 Uterine leiomyoma arise from uterine smooth muscle and are the most common 
benign tumour in women [ 89 ]. Early life exposure to DES causes uterine leiomyo-
mata. Baird et al. [ 90 ] reported all fi ve black women reporting DES exposure had 
leiomyomata whereas 76 % of white women reporting prenatal DES exposure had 
leiomyomata compared with 52 % of unexposed women. Experimental animal data 
also support the view that DES exposure play an important role in the etiology of 
uterine leiomyoma [ 91 ]. 

 DES exposure imparts an endocrine imprint on developing myometrium, causing 
increased expression of oestrogen-responsive genes. Early-life exposure to DES in 
rats, carrying a genetic defect in the tuberous sclerosis 2 (Tsc2) tumour suppressor 
gene, causes the tumour suppressor defect to become fully penetrant, increasing 
tumour incidence from 65 % to more than 90 % [ 92 ]. Increased penetrance is 
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associated with re-programming of oestrogen-responsive genes in uterine leiomyomas. 
These include calbindin D9k and Dio2, normally induced by oestrogen, exhibiting 
increased expression in DES-exposed animals during both phases of the oestrus 
cycle. Gdf10, Car8, Gria2, and Mmp3, are genes normally suppressed by oestrogen, 
that exhibit increased expression in DES-exposed animals during the proliferative 
phase, when oestrogen levels peak. The re-programming leads to over- expression of 
these genes in the myometrium of exposed animals, promoting the development of 
hormone-dependent uterine leiomyomas [ 93 ].  

6.4     Endometrial Hyperplasia and Uterine Adenocarcinoma 

 Progression from normal endometrium to carcinoma may take place by an inter-
mediate stage of endometrial hyperplasia. At 5 months of age, 36/60 (60 %) of rats 
exposed to DES on days 3–5 after birth developed endometrial hyperplasia, while 
none in vehicle-treated controls [ 94 ]. 

 Uterine adenocarcinoma occurs in a time- and dose-related manner after DES 
exposure. At 18 months, neoplastic lesions occurred in 90 % of mice exposed neo-
natally to 2 μg/pup of DES/day, while none was observed in the DES-treated mice 
which were ovariectomized before puberty, indicating that DES-induced uterine 
tumours might be oestrogen dependent [ 95 ]. It is proposed that DES acts as an 
inducer to affect uterine cells in early development phase and that ovarian estrogens 
act as promoters thereafter, to stimulate proliferation of DES-transformed cells in 
the adult mouse. 

 IGF-I signaling pathway was reported to be involved in endometrial hyperplasia 
and tumorigenesis. Ki67-positive cells increased in DES-exposed endometrium, 
that is consistent with activation of a mitogenic signaling pathway. IGF-II and 
insulin receptor substrate-1(IRS-1) were over-expressed in the endometrium of 
DES- exposed rats. Negative feedback to IRS-1, which was observed in control, 
was defi cient in DES-exposed endometrium. Activation of IGF-IR signaling and 
abrogation of negative feedback to IRS-1 seems to be re-programmed by DES in 
endometrial hyperplasia, indicating loss of negative feedback to IRS-1 might affect 
the development of a preneoplastic lesion for the fi rst time. 

 Early studies indicated that neonatal DES exposure induced abnormal methyla-
tion of specifi c CpG sites in Ltf [ 96 ] and Fos [ 97 ] in the mouse uterus. Exposure 
to DES in utero resulted in increased promoter methylation and decreased 
HOXA10 expression [ 98 ]. Similarly, neonatal exposure of mice to DES or genistein 
also induces low methylation of the Hmgn5 promoter and aberrant high expression 
of this gene in the uterus throughout life, and, exposure might lead to a potential 
increased risk of developing uterine tumours in adult female mice [ 99 ]. Additional 
studies show that exposure to environmental oestrogens of the developing 
uterus might re-programmes many oestrogen-responsive genes, including S100 
calcium- binding protein G (S100G; also known as CALB3), glutamate receptor 
ionotropic AMPA2 (GRIA2), growth differentiation factor 10 (GDF10) and matrix 
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metalloproteinase 3 (MMP3), and affect them to become hyper-responsive to 
oestrogen [ 92 ]. Increased gene expression may be triggered by later-life events such 
as the ovarian steroid hormones during puberty. In these settings, ovariectomy 
before puberty completely decreases the epigenetic re-programming effect on gene 
expression and uterine tumour development.  

6.5     Prostate Cancer 

 Prostate cancer is the sixth leading cause of cancer death among men worldwide. 
The highest incidences have been reported in United States and Western Europe and 
the lowest in South East Asia [ 100 ]. Approximately one in six men in USA will 
develop prostate cancer during their lifetime, while the risk of death from prostate 
cancer is 1 in 35 [ 101 ]. Risk factors for prostate cancer include increasing age, 
African American Ethnicity, family history, and diet [ 102 ]. 

 The prostate develops from endodermal origin and arises by the 9th week of 
embryonic life [ 103 ]. Epidemiological studies show that African-American women 
have higher concentrations of testosterone and oestradiol during the fi rst-trimester 
pregnancy, compared to white women [ 104 ,  105 ]. These hormonal patterns, acting 
in utero, may infl uence the development of prostate cancer in male children [ 106 ]. 
Meanwhile, birthweight, as a marker of the pre- and perinatal environment, pre-
dicted prostate cancer incidence of 366 men born in Sweden in 1913 and in which 
21 prostate cancer cases were found since 1963 [ 107 ]. Subsequently, another 
Swedish case control study found a modest positive association between birth 
weight and incidence of prostate cancer (per 500 g, RR = 1.04, 95 % Cl 0.88–1.23) 
or death from the disease (per 500 g, RR = 1.22, 95 % Cl 0.87–1.70) [ 108 ]. Maternal 
smoking is not associated with any risk [ 109 ]. 

 Rodent studies have associated maternal exposure to BPA with higher body 
weight, increased prostate cancer as well as breast cancer risk. Maternal BPA 
exposure may change the offspring phenotype by altering the epigenome through 
decreasing CpG methylation, and can be counteracted by maternal dietary supple-
ments with folic acid [ 110 ].  

6.6     Testicular Cancer 

 Testicular malignancy is the most common cancer among men aged 20–39 years. 
Although the incidence of testicular cancer is rising, the 5-year survival rate has 
increased from 63 % in 1963 to 96 % today [ 111 ]. Epidemiological data suggest that 
patients with a family history of testicular cancer, cryptorchidism, or testicular 
atrophy have an increased risk [ 112 ,  113 ]. A number of different early-life factors 
have been identifi ed that predispose men to testicular cancer, such as subfertility, 
exposure to exogenous estrogens, levels of hormones during gestation, birth weight, 
birth order etc. [ 114 ]. 
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6.6.1     Exposure to Exogenous Estrogens 

 A pooled analysis of cohort studies including 1,700 men exposed to DES found a 
relative risk of testicular cancer of 3.05 (95 % CI: 0.65–22.0), based on seven 
testicular cancer cases [ 115 ]. Meanwhile, a case-control study of 108 cases of tes-
ticular cancer in men suggested that exposure of the mother to exogenous estrogen 
during pregnancy developed a signifi cant risk in the son (RR = 8.0) [ 116 ].  

6.6.2     Levels of Hormones During Gestation 

 Higher levels of oestriol occur in twin pregnancy, ovarian stimulation in ART, obesity 
during pregnancy, as well as hyperemesis gravidarum and fi rst pregnancy. In Akre 
et al. the point estimates [OR = 0.51 (0.11–2.32)] indicate a lower risk of testicular 
cancer for lower prenatal estrogen exposures [ 116 ], while some studies found a 
higher risk for testicular cancer [RR = 1.9 (0.7–5.0)] [ 117 ,  118 ]. All studies eliminate 
differential misclassifi cation, either by use of registries, or by using a control group 
of young men suffering from other cancers.  

6.6.3     Birthweight and Birth Order 

 Moller and Skakkebaek observed that birth weights below 3,000 g or above 4,000 g 
were associated with increased risks of testicular cancer, with OR up to 2.6 
(CI = 1.1–5.9) for birth weight below 2,500 g [ 119 ], but a later meta-analysis of 12 
studies showed no defi nite conclusion of the association between low birth weight 
and testicular cancer [ 120 ].  

6.6.4     Maternal Smoking 

 An association between maternal smoking and testicular cancer has been suggested 
by two correlation studies, whereas a case–control study with prospective measure-
ment of maternal smoking including 192 Swedish men with testicular cancer and 
494 controls found no association [ 121 ].   

6.7     Colorectal Cancer 

 In the United States, Colorectal cancer (CRC) is the second leading cause of cancer 
death [ 122 ,  123 ]. There is at least a 25-fold variation in the occurrence of CRC 
across different regions of the world, including developed areas such as Australia, 
Western Europe, Japan (in males), and North America—having the highest incidence 
rates. In different regions estimated 5-year survival rates also vary widely from 
30 % in India to 65 % in North America. environmental factors, which are believed 
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to play an important role in CRC etiology may attribute to the large differences in 
incidence. For more than three decades, epidemiologists have described strong 
international relationship between CRC and various dietary constituents, including 
the consumption of fi ber, animal fats, and meat; recent evidence seems to suggest 
that the consumption of red meat and physical inactivity may be signifi cant [ 124 ]. 

6.7.1     Maternal Nutrients Intake 

 Supplementation of folic acid has played a controversial role in the prevention of 
colorectal cancer, which is depending on the time of intervention and the dose of 
supplementation [ 125 ,  126 ]. Animal studies and randomised controlled trials have 
shown that the supplementation of folic acid appears to prevent the development of 
new colorectal cancer while it may promote the progression of existing preneoplastic 
lesions to colorectal cancer [ 127 – 130 ]. 

 Owing to widespread use of supplements and periconceptional folic acid supple-
mentation, intrauterine and early life exposure to folic acid has signifi cantly increased 
in North America [ 131 ]. Furthermore, women of childbearing age are routinely 
advised to take 0.4–1.0 mg of folic acid to prevent neural tube defects [ 132 ]. 

 It was reported that maternal supplementation of folic acid signifi cantly increased 
(p = 0.007) colorectal global DNA methylation while reduced the odds of colorectal 
adenocarcinoma by 64 % in the offspring (OR 0.36; 95 % CI 0.18–0.71; p = 0.003) 
[ 133 ]. However, another study reported that postweaning supplementation of 
folic acid signifi cantly increased the number of small intestinal adenom in the 
offspring [ 134 ]. 

 These data suggest that maternal folic acid supplementation at a proper level at 
reproductive age protects against the development of colorectal cancer in the 
offspring. This protective effect may be partly mediated by increased global 
DNA methylation and decreased epithelial proliferation and DNA damage in the 
colorectum [ 133 ].  

6.7.2     Birth Size 

 Relatively small birth size has been involved with a higher risk of cardiovascular 
disease and diabetes in men [ 135 ,  136 ]. In adulthood, colorectal cancer risk has 
been affected by the presence of diabetes [ 137 ,  138 ], hyperglycaemia [ 139 ,  140 ], 
hyperinsulinaemia [ 139 ,  141 ,  142 ], and high concentrations of IGF-I [ 142 ]. 
The evidence that metabolic aberrations involve with the development of type 2 
diabetes may have an intrauterine origin, and their positive associations with 
colorectal cancer, suggest that the long term effects of intrauterine growth restric-
tion may also be count for colorectal carcinogenesis. 

 Sandhu et al. has explored the risk of colorectal cancer related to birth dimen-
sions and found a J-shaped association with birth weight [ 143 ] and found that babies 
born with macrosomia appear to have the greatest risk. However, the study was 
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based on 52 cases only. A larger study by McCormack et al. [ 144 ] showed a 16 % 
elevated risk per one standard deviation increase in birth weight. Another advance 
cohort research of Norwegian men and women with long term cancer, which follow 
up through the Norwegian Cancer Registry, found that men with birth length of less 
than 51 cm had a nearly twofold higher risk of colorectal cancer (RR 1.9 (95 % CI 
1.0–3.7)) compared with men who were 53 cm or more, after adjustment for other 
gestational factors. Similar associations were found for birth weight and head 
circumference among men, suggesting that among men, relatively short birth length 
is associated with increased risk of colorectal cancer in adulthood, indicating that 
intrauterine growth could be important for colorectal carcinogenesis [ 145 ].  

6.7.3     Possible Mechanisms 

 Several biological mechanisms may attribute to the dual effects of folate on colorectal 
carcinogenesis [ 125 ]. In normal tissues, folic acid supplementation provides 
nucleotide precursors for DNA synthesis and replication, therefore ensuring DNA 
fi delity, DNA integrity and optimal DNA repair, which would reduce the risk of 
neoplastic transformation [ 125 ]. However, folic acid supplementation promotes 
the progression of (pre)neoplastic lesions though providing nucleotide precursors 
to the rapidly replicating transformed cells, adding to lowing accelerated pro-
liferation [ 125 ]. 

 Global DNA hypomethylation contributes to colorectal cancer development 
through several mechanisms including chromosomal instability. Folate modulates 
DNA methylation of cytosine within the cytosineeguanine (CpG) sequences for it 
plays a role in the provision of S-adenosylmethionine, which is the primary methyl 
group donor for most biological methylation reactions [ 146 ]. DNA methylation at 
promoter CpG islands silences transcription and hence inactivates the function of a 
wide array of tumour suppressor and cancer-related genes [ 146 ]. Folic acid supple-
mentation can reverse pre-existing global DNA hypomethylation and increase the 
level of global DNA methylation based on the pre-existing level [ 146 ], thereby 
reducing the risk of neoplastic transformation. In contrast, folic acid supplementation 
may cause de novo methylation of CpG islands in tumour suppressor genes, which 
inactive those genes and lead to tumour development and progression [ 125 ].   

6.8     Lung Cancer 

 Nikonova studied transplacental and direct effects of benzo(a)pyrene (BP) and 
pyrene on A and C57BL mice and their offspring, and 76.8 % of offsprings of 
A mice developed lung tumours against 12.3 % in controls (P < 0.001) [ 147 ]. 
Dibenzo(a,l)pyrene (DBP) is one of the most potent carcinogenic polycyclic 
aromatic hydrocarbons. Castro et al. demonstrated that exposure to DBP during late 
gestation shortly presents a greater risk to offspring than that following 3 weeks of 
nursing [ 148 ]. Transplacental exposure of BALB/c mice to urethane on day 17 of 
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gestation resulted in the appearance of two distinct crops of primary lung adenomas 
[ 149 ]. A single subcutaneous injection of 200 mu Ci [ 3 H] thymidine into pregnant 
BALD/c mice, followed by intraperitoneal injections of phorbol, twice weekly for 
25 weeks, resulted in higher rate of tumorigenesis in the offsprings’ lungs and livers 
[ 150 ]. Genetically nonresponsive (Ahd/Ahd) offspring had a higher incidence of 
nodules, adenomas, and diffuse bronchiolar hyperplasia in lung than responsive 
offspring within the same treatment group. Thus genetic differences in Ah geno-
type may infl uence susceptibility to transplacental carcinogenesis to 3-MC [ 151 ]. 
Similarly, Wessner et al. reported that after maternal exposure to 3-MC, offspring 
with Ki-ras-2 mutations developed lung cancer early, suggesting that the type of 
mutation produced by environmental chemicals can infl uence the carcinogenic 
potential of the tumour [ 152 ]. 

 In mice exposed transplacentally to environmental carcinogens, the combination 
of mutated Ki-ras-2 and alterations in the Rb regulatory gene locus may be the 
preferred pathway for lung tumour pathogenesis [ 152 – 157 ]. One study using the 
transplacental carcinogenesis model shows that alterations in the Ink4a locus occur 
in only 15 and 27 % of the lung and liver tumours, respectively, which imply that 
damage to the Ink4a gene is not a frequent pathway to malignant progression in 
mouse lung and liver tumours [ 158 ]. 

 The role of nitroso compounds as possible causative agents for human childhood 
cancers has been reported by epidemiological studies. Published evidence from 
animal models indicates that capacity for metabolic activation of nitrosamines is 
limited in rodent fetuses, so nitrosamines are correspondingly weak transplacental 
carcinogens. But NDMA has signifi cant transplacental carcinogenic effects, when 
treatment of pregnant mice took place on day 19 [ 159 ]. The incidence of lung 
tumours in 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-exposed progeny 
was signifi cantly higher than controls [ 160 ]. 

 Arsenic is a known human carcinogen, but development of rodent models of 
inorganic arsenic carcinogenesis has been problematic. A transplacental carcinoge-
nicity study in mice using inorganic arsenic demonstrated that oral inorganic arsenic 
exposure, as a single agent, induced tumour formation in rodents, thus establishing 
inorganic arsenic as a complete transplacental carcinogen in mice [ 161 ,  162 ]. 
ER-alpha activation was specifi cally involved with arsenic-induced lung adeno-
carcinoma and adenoma, suggesting that arsenic-induced, aberrant ER signaling 
may disrupt early-life, genetic programming in the lung which eventually lead 
to lung tumour formation much later in adulthood [ 163 ]. The biomethylation 
product of arsenic, dimethylarsinic acid (DMA), which is a multi-site tumour 
promoter. also increased lung adenocarcinomas and adrenal adenomas compared to 
controls [ 164 ]. 

 There are some protective chemical agents for lung cancer during gestation. 
Indole-3-carbinol in the maternal diet protected the fetus from transplacental carci-
nogenesis by the polycyclic aromatic hydrocarbon dibenzo[a,l]pyrene [ 165 ], and 
reduced lung tumours in mice by approximately 50 % . CHL can provide potent 
chemoprotection in a transplacental carcinogenesis model and support a mechanism 
involved with complex-mediated reductions of carcinogen uptake [ 166 ].  
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6.9     Wilms Tumour 

 Wilms tumor is an embryonal malignancy of the kidney. Most cases are sporadic, 
although 1–2 % of patients have a familial predisposition. Goel et al. examined the 
effects of pre-conception or in utero maternal medical radiation exposure on Wilms 
tumour, using data from a large population-based case-control study, which shows 
no signifi cant association between the risk of Wilms tumour and maternal X-ray 
exposure [ 167 ]. No meaningful associations were seen from analysis of gonadal or 
non-gonadal radiation exposure [ 167 ]. 

 Stjernfeldt et al. found a dose-dependent relationship between the cigarettes 
smoked per day by the pregnancy mother and the risk of cancer in the offspring. 
When taking all tumour sites into consideration the cancer risk was 50 % higher 
compared to controls [ 168 ]. 

 Olshan et al. also found that certain paternal occupations have an elevated odds 
ratio (OR) of Wilms’ tumor, including vehicle mechanics, auto body repairmen, and 
welders. Further more, offspring of fathers who with a occupation of auto mechanics 
had a four- to sevenfold increased risk of Wilms’ tumor [ 169 ].  

6.10     Renal Cancer 

 In 2009, it was estimated that there were 58,000 newly diagnosed renal cell 
and renal pelvic cancer patient in the United States and that almost 13,000 
people would die of the disease [ 170 ]. The incidence varies widely depends on 
different countries, with the highest rates seen in Northern Europe and North 
America [ 171 ]. 

 Numerous environmental and clinical factors have been involved with the etiology 
of renal cell carcinoma [ 172 ,  173 ]. These include tobacco use; toxic compounds 
exposure such as cadmium, asbestos, and petroleum by-products; obesity; acquired 
polycystic disease of the kidney; and analgesic abuse nephropathy. Cigarette 
smoking doubles the likelihood of renal cell carcinoma and accounts for as many as 
one third of all cases [ 173 – 175 ]. 

 Ohaki et al. studied the renal lesions induced by transplacental administration of 
n-ethylnitrosourea (ENU) in the rat, which induced a wide variety of renal tumors 
and tumor-like conditions in the offspring, comparable to the various types of renal 
lesions observed in children, and may provide a useful model to study the pathogen-
esis of embryonal tumors in man [ 176 ]. 

 Bergstrom et al. found a weak association of birth weight with kidney cancer 
only in males when comparing those with birth weight above 3,500 g with 
3,000–3,499 g [ 177 ]. However, another study showed that there were no association 
between birth weight and malignant neoplasm in the urinary system [ 144 ]. Several 
studies have indicated an higher risk of Wilms’ tumour in children aged less 
than 2 years at diagnosis with a high birth weight. The largest study with 1,800 
cases pinpointed that the strength of the association was different for the various 
subtypes [ 178 ].  
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6.11     Leukemia and Lymphoma 

 The leukemias are the most common malignant neoplasms in childhood. However, 
the precise etiologies of leukemia are unknown. Known risk factors include several 
congenital/genetic disorders, ionizing radiation, and certain drug or toxin exposures 
[ 179 ]. In utero exposure to inhibitors of topoisomerase II such as dietary fl avonoids 
may increase the risk of MLL-rearranged infant AML [ 180 ]. Children with radiation 
exposure from the atomic bombs in Japan, had an increased incidence of leukemia, 
thus several studies have addressed the question whether exposure to low-frequency, 
non-ionizing radiation (e.g., electromagnetic fi elds) is leukemogenic [ 181 ]. Recent 
reports did not fi nd an increased risk of acute lymphoblastic leukemia in children 
exposed to residential magnetic fi elds [ 182 ,  183 ]. 

 As so many environmental factors may contribute to the development of 
leukemia, and, the embryo is sensitive to toxicity from environmental chemicals, 
it is believed that fetal basis of adult leukemia may be important. Such factors 
include maternal diet, occupation exposure, parental age, intrauterine virus infec-
tion, birthweight, etc. 

6.11.1     Maternal Nutritional Intake 

 Bailey et al. explored whether maternal dietary folate intake during pregnancy is 
involved with risk of acute lymphoblastic leukemia (ALL) in offspring. Results 
show higher levels of dietary folate and B12 appear to add to a decreased risk of 
ALL. When mothers consumed alcohol in pregnancy the associations were strength-
ened [ 184 ]. 

 Milne et al. performed a case-control study recruiting 416 cases and 1,361 controls 
between 2003 and 2007. There was evidence of a weak protective effect of maternal 
supplementation of folate before pregnancy from risk of childhood ALL [ 185 ]. 
Kwan et al. reported that the risk of ALL was inversely associated with maternal 
vegetable consumption; protein sources; fruit; and legume food groups. The risk 
reduction was most signifi cant for consumption of the protein sources and vegetable 
food groups [ 186 ].  

6.11.2     In-Vitro Fertilization 

 Petridou et al. investigated the risk of leukemia and lymphoma results from IVF 
using two nationwide datasets. These studies showed similar-size excess risk of 
leukemia following IVF, but no signifi cant association between IVF and lymphoma. 
The proportion of leukemia cases conceived through IVF was 2.7 % in Sweden 
and 3 % in Greece; prevalence of IVF in matched controls was 1.8 % and 1.6 % 
respectively. The higher risk of leukemia was restricted to age below 3.8 years and 
to acute lymphoblastic leukemia (ALL). Following IVF, OR for ALL was 2.58 
before age 3.8 and 4.29 before age 2 years [ 187 ].  
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6.11.3     Parental Age 

 Hemminki et al. analyzed the effect of parental age on childhood leukemia and 
brain cancer, which suggests a parental age effect for both leukemia and brain cancer, 
with the former (of about 50 % excess in those over 35 years) being mediated by 
maternal age and the latter (of about 25 % excess) by paternal age. One possible 
mechanism may be accumulation of chromosomal aberrations and mutations during 
the maturation of germ cells which can help to explain the secular trends of these 
malignancies, and, the high risks offspring of the higher social classes [ 188 ]. Hori, 
M et al. reported intrauterine transmission of human T-cell leukemia virus type I in 
rats, which may add to the risk of ALL in offspring [ 189 ]. Similar results were 
found in rabbits [ 190 ].  

6.11.4     Parental Occupational Exposure 

 Reid et al. reported that exposure to moderate or substantial levels of exhausts by 
mothers or fathers during pregnancy increased the risk of ALL in their offspring. 
Exposure to paints, pigments, glues, and resins was similar in case and control 
parents [ 191 ]. DBP administration to pregnant mice leading to high mortality of 
offspring result from an aggressive T-cell lymphoma [ 192 ]. 

 Wigle et al. reported there was no overall association between childhood leuke-
mia and any paternal occupational pesticide exposure. However, the relationship 
between childhood leukemia and prenatal maternal occupational exposure of pesticide 
and insecticides and herbicides were has been demonstrated by other researchers 
[ 193 ]. Monge et al. showed maternal exposures to any pesticides during the year 
before conception and the fi rst and second trimesters were involved with the risk 
[ 194 ]. Yu et al. demonstrated that transplacental PAH exposure can induce a highly 
aggressive lymphoma in mice and raises the possibility that PAH exposures of preg-
nant women could contribute to similar cancers in children and young adults [ 195 ]. 
Perez-Saldivar et al. did a case-control study with 193 children and reported that 
children whose fathers have been exposed to a high level of carcinogenic agents 
seem to have a higher risk of developing acute leukemia [ 196 ]. 

 Infante-Rivard, C’s study report an increased risk of childhood leukemia among 
children whose mothers were exposed to the highest levels of ELF-MF during preg-
nancy [ 197 ]. Stjernfeldt et al. also report maternal smoking and irradiation during 
pregnancy as risk factors for child leukemia [ 198 ]. Little et al. found that exposure 
to diagnostic X-rays in utero is associated with leukaemia. While for lymphoma, no 
factor in utero has been found to be consistently associated [ 199 ].  

6.11.5     Maternal Illness and Medication Use 

 Lehtinen et al. report that reactivation of maternal EBV infection is probably associ-
ated with childhood acute lymphoblastic leukemia (ALL) [ 200 ]. Caballero et al. 
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later evaluated whether maternal illness and drug/medication use (prescription, 
over-the-counter, and illicit) during pregnancy may be related to childhood leuke-
mia risk using data (1995–2002) from the Northern California Childhood Leukemia 
Study [ 201 ]. The results suggested that maternal infection might contribute to the 
etiology of leukemia. While iron supplements use was indicative of decreased 
ALL risk [ 201 ]. 

 Shaw et al. also report a signifi cantly increased risk of childhood ALL in the 
offspring of mothers who had a history of using any medication or any teratogenic 
medication during pregnancy. However, only central nervous system depressants 
were involved with a signifi cantly increased risk, which was higher with increased 
dose and in children diagnosed before 2 years of age [ 202 ]. Wen et al. did a similar 
study, which suggests that certain parental medication use immediately before and 
during the index pregnancy may affects risk of ALL in offspring [ 203 ].  

6.11.6     Birthweight 

 McCormack et al. found a positive association between birthweight and cancer in 
the lymphatic and haematopoietic tissue in adult persons, and a similar tendency 
was seen for multiple myeloma and non-Hodgkin lymphoma [ 144 ]. A meta analysis 
of more than 10,000 children, concluded that there was a higher risk of acute 
lymphoblastic leukaemia for those with birth weight above 4,000 g compared to 
those below 4,000 g [ 204 ]. Similarly, a positive linear relation was found between 
gender- adjusted birth weight and all leukemias and AML by Paltiel et al., which 
was especially notable among infants but was also observed among subjects ages 
>14 years at diagnosis. The relation was particularly strong among females (P = 0.001). 
Other risk factors for AML risk on univariate analysis include maternal origin, 
socioeconomic status, birth weight of sibling >3,500 g, and family size [ 205 ].   

6.12     Tumors in Brain and Nervous System 

 An estimated 43,800 newly diagnosed cases of primary CNS system tumours were 
reported in the United States in 2005, in which approximately 18,500 were malig-
nant, representing 1.35 % of all cancers diagnosed that year. 

 Deorah and colleagues [ 206 ] found that the incidence of brain cancer increased 
until 1987, when the annual percentage of change reversed direction. A relationship 
has been shown between high birthweight (above 4,000 g) and the incidence of 
astrocytoma [ 199 ]. Samuelsen et al. showed that there is association between risk of 
brain cancer and head circumference in the age group 0–15 years, suggesting that 
brain pathology originates during foetal life [ 207 ]. On the other hand, a study 
showed that exposure to diagnostic X-rays in utero is classifi ed as “associated”, and 
maternal consumption of cured meats, maternal use of vitamin supplements and 
high birth weight (astrocytoma) during pregnancy have been classifi ed as associated 
with some degree of consistency [ 199 ].  
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6.13     Conclusions 

 The fetus and neonate are sensitive to environmental chemicals, and, changes in the 
intrauterine environment including the intrauterine nutritional milieu due to epi-
genetic and metabolic programming. These phenomena collectively contribute to 
the embryo-fetal basis of tumours.     
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    Abstract  
  Obesity is defi ned as abnormal or accumulation of excessive fat accumulation. 
More than 1.4 billion adults were overweight in 2008, of these over 200 million 
men and nearly 300 million women were obese. Obesity has become one of the 
most important risk factors contributing to the overall burden of diseases world-
wide, so much so that the World Health Organization (WHO) has called obesity 
an epidemic. 

 Origins of obesity and metabolic dysfunction can be traced back to the embry-
onic and fetal stages of life, when the developing fetus is acted upon by, and responds 
to, sub-optimal, intrauterine environments during critical periods of cellular pro-
liferation, differentiation, and maturation. It produces structural and functional 
changes in cells, tissues and organ systems. These changes may have long-term 
consequences increasing an individual’s risk for developing complex common 
disorders including obesity, diabetes, cardiovascular disease and tumours. In this 
chapter, we will discuss the evidence related to embryo-fetal origins of obesity.  

7.1         Risks of Obesity 

7.1.1     Birthweight and Later Obesity 

 Birthweight is an indicator of fetal growth and long-term health. High birth weights 
are associated with increased risks of adverse adult health outcomes, such as 
obesity [ 1 ,  2 ] and type 1 diabetes [ 3 ], which are important determinants of adult 
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mortality [ 4 ,  5 ]. High birthweights are also associated with higher risks of some 
adult cancers [ 6 ,  7 ]. 

 Individuals with intrauterine growth retardation (IUGR) are at higher risk of 
neonatal morbidity and of developing metabolic diseases later in life, including 
type-2 diabetes, obesity and hypertension [ 8 ,  9 ]. Both human epidemiological and 
experimental evidence indicate that IUGR contributes to low birthweight, and, 
higher incidence of obesity in adults [ 10 ].  

7.1.2     Maternal Undernutrition and Later Obesity 

 Nutrition during the intrauterine phase may be particularly important for the 
development of obesity. In October 2012, 868 million people worldwide including 
a large proportion of women of reproductive age were reported by the United 
Nations Food and Agriculture Organization to suffer from hunger; nearly all of the 
undernourished reside in low- and middle-income countries [ 11 ]. Defi ciencies of 
protein, vitamin A, iron, zinc, folate, and other micronutrients remain major nutri-
tional problems in poor regions of the world [ 11 ]. 

 The Dutch Famine studies have demonstrated that there are different conse-
quences of exposure to undernutrition in different trimesters of pregnancy [ 12 ]. 
Exposure in early pregnancy can increase the risks of adult obesity signifi cantly 
[ 13 ]. Much epidemiological evidence shows that fetal exposure to maternal 
undernutrition is associated with increased risks of adult obesity. Vignini et al. put 
forward the viewpoint that maternal undernutrition during pregnancy may perma-
nently change or ‘programme’ the offspring [ 14 ]. Barker concluded that coronary 
heart disease, and, other associated conditions, such as hypertension, stroke, and, 
non- insulin dependent diabetes, may be the results of ‘programming’ [ 15 – 17 ]. At a 
critical, sensitive period of early life, a stimulus or insult promotes long-term 
changes in physiology or metabolism in offspring’s later life. Some studies showed 
that nutrient restriction during the fi rst half of pregnancy in humans, mice and rats 
is associated with postnatal metabolic and endocrine disorders, as well as cardio-
vascular disorders    [ 17 – 19 ].  

7.1.3     Animal Studies 

 Mouse models of low birthweight produced by maternal caloric undernutrition during 
late gestation found reduced birth weight, IGT, and obesity in both fi rst- and 
second-generation offspring [ 18 ]. Ikenasio-Thorpe et al., used a model of nutrient- 
restricted rats were randomly assigned to receive 30 % of the ad libitum amount 
during gestation exhibited fetal growth retardation compared with controls [ 19 ]. 
When these offspring were fed a high-fat diet (45 % kcal as fat) for 20 weeks from 
weaning, there were signifi cant alterations in POMC, NPY, AgRP and OBRb gene 
expression together with elevations in circulating levels of both plasma leptin and 
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insulin [ 19 ]. There appeared to be interactions between prenatal undernutrition and 
postnatal high-fat nutrition on the development of postnatal obesity [ 19 ]. 

 Long et al. offered cows 70 % of a control diet during early and mid gestation 
to evaluate effects of maternal nutrient restriction on the morphology of offspring 
adipose tissue at standard production endpoints [ 20 ]. In nutritionally-restricted 
offspring adipocyte size altered, showing that nutritional restriction during gesta-
tion increased adipose tissue depots in fi nished calves [ 20 ]. Multiparous ewes fed 
50 % (nutrient-restricted) of their nutrient requirements between 28 and 78 days 
of gestation demonstrated that maternal undernutrition during early to midgesta-
tion increased body weight and fat deposition during adolescence [ 21 ].  

7.1.4     The ‘Thrifty Phenotype’ Hypothesis 

 The “thrifty phenotype” hypothesis proposes that undernutrition during development 
leads to reallocation of nutrients to favour development of organs; these organs then 
go on to break down and fail in adulthood [ 22 ]. Human epidemiological studies 
have associated maternal undernutrition and fetal growth restriction during gestation 
with development of a “thrifty phenotype” in the later lives of offspring. As an 
extension of this hypothesis, the DOHaD hypothesis describes the origins of adult 
disease in terms of fetal developmental ‘plasticity’, or, the ability of the fetus to 
respond to poor in-utero conditions. 

 Inappropriate hyperphagia in adult life induced by fetal undernutrition is an 
example of an adaptive response, where postnatal hypercaloric nutrition can further 
amplify the metabolic abnormalities [ 23 ]. Similarly, rats undernourished in utero 
exhibit rapid catch-up growth and are more susceptible to developing obesity [ 24 ]. 

 Lifestyle choices that exacerbate obesity, may also have a prenatal origin. 
Offspring of mothers who were undernourished in pregnancy, are signifi cantly more 
sedentary in postnatal life compared to those born to well-fed mothers [ 25 ]. Postnatal 
hypercaloric nutrition may exacerbate this sedentary behavior, implying that 
“programmed” adults may be more resistant to public health policies and interven-
tions aimed at increasing physical exercise and reducing food intake.  

7.1.5     Neural Plasticity 

 Neural plasticity may be another important contributor to the continuation of obesity 
between early development and adulthood. Early pre- and postnatal metabolic 
conditions such as undernutrition may lead genetically-predisposed offspring to 
become even more obese as adults. Maternal metabolic consequences of prenatal 
undernutrition may modify the developing neural systems that control energy 
homeostasis in the fetus [ 26 ]. 

 Increased hypothalamus-pituitary-adrenal axis activity and decreased sympatho-
adrenal system activity in adult male rats [ 27 ] was induced by 50 % food restriction 
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during the last third of pregnancy and lactation. Another rat model fed half of the 
daily intake during the last week of gestation until weaning, produced similar effects 
on the hypothalamo-pituitary-adrenal (HPA) axis of offspring [ 28 ]. These data 
suggest that there may be chronic hyperactivity of the HPA axis leading to high 
glucocorticoid levels in adulthood.  

7.1.6     Epigenetic Modifications 

 Epigenetic mechanisms, such as DNA methylation and nucleoprotein acetylation or 
methylation, are important to the physiological development of several tissues 
in mammals, and, they involve several mechanisms to guarantee fl uctuations 
of enzymes and other proteins that regulate metabolism [ 29 – 31 ]. Alterations 
in nutrition during development can alter epigenetic marks, including DNA 
methylation and histone modifi cations in rodents [ 32 – 35 ]. Epidemiological 
and controlled studies in humans and animals demonstrate that undernutrition 
can result in DNA hypomethylation in offspring, implicating epigenetics as a 
potential mechanism through which maternal diet may affect the health of 
offspring [ 36 ,  37 ]. In humans, emerging data suggests that severe maternal 
undernutrition may result in persistent epigenetic changes in the offspring 
[ 38 ]. Recent data suggests that gene methylation changes in DNA extracted 
from umbilical cord tissue are associated with later childhood obesity [ 39 ]. 
Hypomethylation of glucocorticoid receptor (GR) promoter in fetal sheep leads 
to increasing GR expression in the undernourished group which may, in turn, 
contribute to fetal programming of a predisposition to obesity [ 40 ]. Another 
animal study showing similar results suggests that hypomethylation of GR pro-
moter associated hypo thalamic neuropeptide mRNA expression may lead to 
obesity in the next generation [ 41 ].  

7.1.7     Leptin Resistance 

 Offspring of undernourished mothers have higher concentrations of fasting plasma 
leptin and insulin which decrease appetite. On the other hand, exposure to a postna-
tal hypercaloric diet will increase hyperphagia, suggesting an inappropriate response 
due to insulin and leptin resistance induced by early programming. Ikenasio-Thorpe 
et al. showed signifi cant alterations in POMC, NPY, AgRP and OBRb gene expression 
together with elevations in circulating levels of both plasma leptin and insulin when 
exposed to prenatal undernutrition, suggesting that central leptin resistance possibly 
increased food intake, and, results in adult dysregulation of appetite homeostasis 
and reduced AgRP mRNA expression [ 19 ]. Leptin-defi cient ob/ob mouse offspring 
exposed to intrauterine undernutrition show that premature leptin surges during 
neonatal growth promoted lifelong changes in energy-regulating circuitry in the 
hypothalamus on a high-fat diet, thus playing an important role in accelerating 
obesity [ 42 ].  
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7.1.8     Hyperinsulinemia and Peripheral Insulin Resistance 

 Restricting the supply of food to fetus and infant may cause obesity, hyperinsu-
linemia and peripheral insulin resistance in adult life [ 43 ]. This insulin resistance 
occurs in conjunction with altered glucose uptake in adipose tissue but not 
in skeletal muscle, and, there is an accompanying increase in adipose tissue 
insulin receptors in nutrient-restricted offspring [ 43 ]. Circulating hormones, 
including IGF-I and leptin, are important in the regulation of fetal adipose tissue 
development. Maternal nutrient restriction during this period results in increased 
expression of both IGF-I and IGF-II receptors, in conjunction with enhanced 
adipose tissue deposition [ 44 ]. A study demonstrated that offspring of sheep 
mothers who were nutrient-restricted in late gestation went on to have greater 
adiposity as young adults, along with glucose intolerance and insulin resistance 
[ 45 ]. Adipose tissue deposition in offspring can also be reduced by manipulating 
the maternal metabolic and hormonal environment by increasing food intake in 
late gestation [ 46 ].  

7.1.9     Abnormal Response of Glucose Transporter 

 Increased glucose transporter 1 (GLUT1) in nutrient-restricted fetuses may 
enhance responsiveness to IGF and promote the anabolic effects of glucose on fetal 
adipose tissue growth [ 47 ]. Therefore, maternal nutrient restriction in mid-gestation, 
results in enhanced fetal fat deposition combined with increased numbers of IGF 
receptors and glucose supply, that may exacerbate the deposition of fat following 
the restoration of the maternal diet [ 48 ]. GLUT4 decreased signifi cantly in adipose 
tissue of offspring from nutrient-restricted mothers suggesting that impaired 
glucose tolerance may be related to the ability of adipose tissue to take up glucose 
in an insulin- responsive manner with reductions closely associated with insulin 
resistance [ 49 ].  

7.1.10     Maternal Overnutrition and Later Obesity 

 Traditionally, the increasing prevalence of childhood obesity is related to life styles 
with less physical activity and changing dietary habits. Predisposition to obesity may 
be “programmed” in utero [ 50 ]. Studies in rodents show that exposure to maternal 
obesity or overnutrition during both pregnancy and lactation is associated with 
development of obesity in the offspring [ 51 ,  52 ]. LaCoursiere et al. demonstrated 
that the incidence of women being overweight or obese at the start of pregnancy 
increased from 25 to 35 % between 1991 and 2001, and that the incidence of maternal 
obesity at delivery increased from 29 to 39 % across the same period [ 8 ]. A high 
maternal BMI increases the risk of developing hypertension, preeclampsia and 
gestational diabetes mellitus, and, giving birth to a macrosomic infant [ 53 ]. These 
fi ndings may suggest that fetal undernutrition may increase susceptibility to diseases 
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that occur later in life. Evidence from animal studies suggests that the fetus may 
adapt to an adverse intrauterine environment by slowing growth and metabolism 
[ 18 ,  20 ,  21 ]. This adaptive strategy appears to increase short-term survival, but 
perhaps with adverse long-term consequences on health [ 18 ,  21 ]. Alternatively, 
common genetic factors may infl uence birth size and adult disease or a combination 
of genetic, and non-genetic, factors may interact throughout the life course to 
determine disease susceptibility [ 19 ].  

7.1.11     Animal Studies 

 Rodent dams, fed a fat-rich or cholesterol-rich diets during the preconception 
period, pregnancy, or lactation, confi rm that maternal peripartum overnutrition can 
program lifelong offspring with excess adiposity and being overweight [ 54 – 56 ]. 
Similar results are also observed in sheep experiments [ 57 ]. Interestingly, a fat-rich 
diet during pregnancy may program offspring’ obesity even though the mothers 
themselves are not overweight, indicating that maternal diet may program offspring 
phenotype even without the relevant maternal phenotype [ 58 ]. Maternal fat-rich diets 
before conception or during lactation only, do not confer similar risks, suggesting that 
pregnancy itself is the critical time for exposure [ 59 ]. 

 Maternal overnutrition during pregnancy in rodents results in offspring pheno-
types that almost resemble the metabolic syndrome in humans, such as abnormal 
glucose homeostasis and serum lipid profi les, increased blood pressure and adiposity 
[ 56 ,  60 ,  61 ]. Overweight offspring of overfed mothers had higher glucose, insulin, 
leptin, and triglyceride levels, and demonstrated the increase in fat mass, reduced 
muscle mass, and, lower adiponectin secretion [ 62 – 65 ].  

7.1.12     The Regulation of Appetite In Utero 

 The fetus obtains its nutrition entirely from the maternal circulation through 
transplacental transfer and so it has a limited capacity to respond to alterations in 
nutrient supply by altering nutrient intake [ 66 ]. However appetite-regulating neural 
networks appear before birth in humans [ 67 ] and higher-order mammals, such as 
sheep [ 68 ]. 

 Control areas for appetite and energy balance are expressed principally in the 
arcuate nucleus (ARC) of the hypothalamus (Fig.  7.1 ). The hypothalamic neural 
network integrates pathways relating to energy supply, utilization and total energy 
reserves, in order to appropriately regulate food intake and energy expenditure to 
maintain energy balance [ 69 ]. Several studies have identifi ed numbers of appetite- 
stimulating (and suppressing) hormones and neurotransmitters, which bind and 
activate their CNS receptors, triggering downstream pathways or regulators, resulting 
in appropriate changes in behaviour of ingestion. Appetite-stimulating neurohor-
mones include neuropeptide Y (NPY), melanin concentrating hormone (MCH), 
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the orexins, endorphins, galanin, glucocorticoids, γ-amino butyric acid (GABA), 
and agouti gene-related protein (AGRP). Negative regulators of appetite include 
leptin, bombesin, glucagon-like peptide-1 (GLP-1), corticotropin releasing hormone 
(CRH), cholecystokinin (CCK), cocaine and amphetamine-regulated transcript 
(CART), and α-melanocyte-stimulating hormone (α-MSH).

   Many animal studies suggest that overnutrition before birth may cause reduced 
enhance sensitivity to satiety signals, or, an exaggerated response to signals of hunger 
and negative energy balance, in the early postnatal period [ 70 ,  71 ]. The disturbance 
of appropriately-upregulated, appetite-inhibitory pathways may result in the develop-
ment of obese phenotypes in animal experiments (Fig.  7.2 ).

  Fig. 7.1    A schematic overview of the appetite regulatory pathways in the adult hypothalamus       
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7.1.13        Altered Glucose Intolerance and Glucose/Insulin 
Homeostasis 

 Animal studies support the view that maternal overnutrition can cause later obesity 
and glucose intolerance of offspring in humans [ 55 ]. Offspring of obese women are 
more likely to be overweight, and may develop insulin resistance in later life [ 72 ]. 
Besides, it is also related with the development of metabolic dysfunction in 
offspring, including hyperglycaemia, hyperinsulinaemia, and increased plasma 
levels of triglycerides, cholesterol and leptin [ 56 ,  60 – 65 ].  

7.1.14     Altered Adiposity and Adipocyte Metabolism 

 Adipogenesis is important in the developmental programming which begins in 
utero and accelerates in neonatal life. For humans, it will accelerate rapidly 
again at about age of 6 years old [ 73 ]. Premature onset of such adipose tissue 
mass (before 5.5 years of age) in childhood may be related to adult obesity [ 73 ]. 
It is still unclear how maternal overnutrition infl uences adipogenesis in offspring, 
and, how it may determine the critical timing of the ‘adiposity rebound’. Unlike 
many tissues, adipose tissue has potential for unlimited growth, and, diet-induced 
increases in fat cell number are normally irreversible [ 74 ]. Maternal over-nutrition 
has a direct infl uence on adipocyte hypertrophy in offspring because glucose is 
the primary metabolic precursor in lipid synthesis. Increased glucose supply 

  Fig. 7.2    Overview of our 
current working hypothesis 
on the pathway through 
which maternal overnutrition 
results in the programming 
of obesity in postnatal life       
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may increase fat mass in ovine fetus [ 75 ]. Altered expression of proteins 
which infl uence adipocyte metabolism, such as peroxisome proliferator-activated 
receptor- γ (PPAR-γ), may have a permanent infl uence on adipocyte proliferation 
and hypertrophy [ 76 ].  

7.1.15     Altered Methylation Status 

 The methylation status of nuclear DNA (nDNA) has effects on persistent epigenetic 
changes. Dolinoy et al. suggested that considering the critical roles that genomically 
imprinted genes play in mammalian growth and development, early nutritional 
infl uences on these genomic components may have a substantial impact on human 
health [ 32 ]. The genome of the pre-implantation mammalian embryo undergoes 
extensive demethylation, and appropriate patterns of cytosine methylation are 
reestablished after implantation [ 77 ,  78 ]. These DNA methylation patterns must 
then be maintained over many rounds of rapid cellular proliferation during fetal and 
early postnatal development. Availability of dietary methyl donors and cofactors 
during critical ontogenic periods may therefore infl uence DNA methylation patterns 
[ 77 ,  78 ]. Dietary methionine and choline are the most important sources for 
one-carbon units, and folic acid, vitamin B12, pyridoxal phosphate are major 
cofactors in methyl metabolism. Early methyl donor malnutrition (i.e., overnutrition) 
could effectively lead to premature “epigenetic aging,” [ 79 ], thereby contributing 
to enhanced susceptibility to chronic disease in later life. Besides, the function of 
leptin, which may primarily programme appetite regulatory centres in the developing 
hypothalamus may be changed by the alteration in methylation [ 80 ]. Altered 
methylation status in very early embryonic development can contribute to the obese 
phenotype through embryo transfer and cloning [ 81 ].  

7.1.16     Parental Factors 

 Offspring with two obese parents may have higher risks of being overweight in 
childhood, and, also reveal a stronger pattern of tracking from childhood to adulthood 
[ 82 ]. A cohort study in Washington State found that without obese parents, obese 
children under 3 years of age were at low risk of becoming obese in adulthood [ 83 ]. 
In this study parental obesity doubled the risk of adult obesity among children less 
than 10 years of age irrespective of whether the child was obese or not [ 83 ]. In another 
cohort study, they quantifi ed the individual and combined effects of maternal and 
paternal obesity on childhood obesity [ 84 ]. They found that the association between 
parental weight status and risk of childhood obesity was strong and graded, and, 
signifi cantly stronger for maternal weight [ 84 ]. 

 It has been shown that there is no strong difference between the maternal- offspring 
and paternal-offspring associations of BMI [ 82 – 84 ]. A large population- based 
study showed similar parental-offspring BMI associations when the offspring were 
3 years old, which indicates that the maternal-offspring association may be explained 
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by shared familial risk factors including environmental and genetic risk factors 
rather than by the intrauterine environment [ 83 ]. 

 Can obesity be “transmitted” to subsequent generations by fathers? Sperm trans-
mit solely genetic and epigenetic factors. In order to separate environmental from 
genetic factors, Perez-Pastor et al. extended the analysis of BMI relationships to 
gender-assorted pairings of mother-daughter and father-son, comparing them 
with mother-son and father-daughter [ 85 ]. They succeeded in fi nding a same-sex 
association of body mass index (BMI), which might imply shared environment 
rather than shared genes because selective mother-daughter and father-son gene 
transmission is not a common Mendelian trait [ 85 ]. However, in 2010, a large UK 
birth cohort found no evidence of signifi cant differences in mother-daughter and 
father-son body mass index concordance [ 86 ]. 

 To explore the contribution of obese fathers to adiposity and metabolism in 
offspring, Ng and his colleagues established paternal high-fat-diet (HFD) rat model 
and found that chronic HFD consumption in Sprague-Dawley fathers induced 
increased body weight, adiposity, impaired glucose tolerance and insulin sensitivity 
in female offspring [ 87 ]. Carone et al. fed male rats with reduced-protein diets and 
bred them with chow-fed females and found that both male and female offspring 
had increased hepatic expression of lipid and cholesterol synthesis genes [ 88 ]. 
Overall DNA methylation in offspring was found unchanged; however, the methyla-
tion in an intergenic CpG island between PPAR-α and Wnt7-β modestly increased. 
These data strongly support the idea that what fathers eat affects the metabolism of 
their offspring.  

7.1.17     Endocrine-Disrupting Chemicals 

 Over the years, humans have evolved to tolerate and metabolize natural products 
encountered in diet, however, they may be unable to handle the molecules not 
usually found in nature. There are a subset of synthetic chemicals referred to as 
endocrine- disrupting chemicals (EDC), which are environmental pollutants with 
hormone-like activity that may disrupt programming of endocrine signaling pathways 
during development and result in adverse effects including obesity, diabetes etc. 

 Recent epidemiology reports suggest links between exposure to EDCs during 
development, and, overweight or obesity later in life. If exposed to polychlorinated 
bisphenyl (PCB) in prenatal and early life, both boys and girls will be heavier at 
puberty [ 89 ]. Children with higher levels of hexachlorobenzene (HCB) in their cord 
blood weighed more, and, had higher BMI at the age of 6.5 years [ 90 ]. Also, 
children in the higher exposure group of HCB were more likely to be overweight 
and obese [ 90 ]. 

 Numerous animal studies also demonstrate the association between obesity and 
exposure to various environmental chemicals during development [ 91 ]. For 
example, mice treated with a low dose of diethylstilbestrol (DES) on days 1–5 of 
neonatal life did not affect body weight during treatment but was associated with a 
signifi cant increase in body weight at 4–6 months of age [ 92 ]. High prenatal DES 
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doses caused lower birthweight compared to controls, followed by a catch-up 
growth at puberty, and then resulted in obesity in the DES-treated mice after 
2 months of age [ 92 ]. In both mouse and rat, there are associations between 
low doses of BPA during prenatal and neonatal periods and increased body 
weight [ 91 ,  92 ]. 

 These toxic chemicals can initiate or exacerbate the development of obesity 
by targeting nuclear hormone receptor, including sex steroid receptor, glucocorti-
coid receptor, and RXR-PPARγ (retinoic X receptor-peroxisome proliferate 
activated receptor gamma) [ 91 ,  92 ]. By perturbing these signaling pathways, 
EDCs alter adipocyte proliferation, differentiation or mediate systemic homeostatic 
controls and result in long-term consequences. The fetus and newborn, whose 
detoxifi cation and metabolic mechanisms are still immature, are particularly 
vulnerable to the effects of EDCs. These adverse effects may be magnifi ed if per-
turbation occurs during fetal or early childhood development [ 91 ,  92 ]. Newbold and 
his colleagues analyzed gene expression in uterine samples from DES-treated mice 
and found alteration in genes involved in fat distribution, including down-regulation 
of Thbd and Nr2f1 and up-regulation of Sfrp2 [ 91 ,  92 ]. These fi ndings suggest 
that EDCs may modulate the development of obesity by regulating expression of 
these genes.  

7.1.18     Effect of Prenatal Smoking 

 A series of studies suggest an association between prenatal maternal smoking and 
offspring's obesity. Oken and his colleagues performed a meta-analysis of results of 
84,563 children reported in 14 studies, and, concluded that offspring of mothers who 
smoked during pregnancy had higher risk for overweight at ages 3–33 years [ 93 ]. 
A meta-analyses of the effects of maternal environmental tobacco smoke exposure 
(ETS) during pregnancy on birth outcomes found a small reduction in mean birth 
weight, and, an increased pooled risk of babies being small for gestational age at 
birth [ 94 ]. A systemic review further demonstrated that exposure of non-smoking 
pregnant women to ETS reduces mean birth weight by 33 g or more and increases 
the risk of higher morbidity, low birth weight births by 22 % [ 95 ]. 

 In a Spanish cohort study, the authors used longitudinal ultrasound measure-
ments to assess the effects of in utero tobacco exposure on fetal growth. They found 
that active smoking during pregnancy was associated with a reduction in abdominal 
circumference, femur length and estimated fetal weight from mid-gestation, and, 
environmental tobacco smoke adversely affected biparietal diameter from early 
pregnancy [ 96 ]. How maternal smoking programs affect child weight is not well 
understood. In both humans and animals, nicotine acts both centrally and peripherally 
to reduce appetite and body weight, and nicotine withdrawal results in hyperphagia 
and weight gain [ 97 ,  98 ]. In animal studies, exposure of pregnant mothers to 
nicotine resulted in offspring that were smaller at birth but had increased body fat, 
and, rats prenatally exposed to low doses of nicotine were normal sizes at birth but 
became heavier by 5–10 weeks of age [ 99 ,  100 ]. Maternal smoking throughout 
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pregnancy may be associated with lower cord blood leptin [ 101 ]. However, Helland 
et al. could not confi rm that lower birthweights of neonates among smoking mothers 
is not due to altered plasma leptin concentrations [ 102 ].  

7.1.19     Maternal PCOS 

 Polycystic ovary syndrome (PCOS) is characterized by irregular menses, chronic 
anovulation, hyperandrogenism and infertility and is strongly associated with obesity, 
increased risk of developing type 2 diabetes (T2D), and cardiovascular disease 
[ 103 ]. Forty to eighty percent of women with PCOS are overweight or obese, impli-
cating BMI as an important determinant in the manifestation of the syndrome [ 104 , 
 105 ]. These observations suggest that obesity and PCOS are linked co-morbidities, 
and, PCOS may be one of the most important causes of obesity in women and their 
offspring.  

7.1.20     Genes Determining the Obesity in Offspring 
of PCOS Patients 

 Family-based studies suggest that brothers of PCOS women have decreased insulin 
sensitivity and glucose tolerance, as well as hypercoagulability, that is independent 
of obesity [ 106 ]. Therefore, brothers of PCOS women may have inherited the 
speculative genotype for insulin resistance and metabolic syndrome that is charac-
teristic of PCOS [ 106 ]. Possible candidate genes predisposing to PCOS include 
those involved in the regulation of ovarian steroidogenesis but also those genes that 
infl uence BMI and adiposity. A likely explanation for the mechanisms underlying 
the development of obesity in women with PCOS is the combined effect of a genetic 
predisposition in the context of an obesogenic environment [ 107 ]. Recent techno-
logical and computational advances in genome-wide association studies (GWAS) 
have identifi ed variations in or near FTO, INSIG2, GNPDA2, MC4R, NEGR1, 
SH2B1 MTCH2, KCTD15, and TMEM18 as susceptibility loci for obesity [ 108 – 112 ]. 
PCOS patients carrying these obesity-susceptible genes, and, may pass on these 
pathogenic genes to their offspring through oocytes. However, few genetic studies 
on PCOS have focused on obesity to date, consequently, the contribution of genes 
that infl uence body composition in PCOS remains to be clarifi ed.  

7.1.21     Insulin Resistance 

 Abnormal insulin action infl uences both the ovarian production of androgens by theca 
cells and their bioavailability by reducing hepatic SHBG production [ 113 – 115 ]. 
Up to 50 % of PCOS women are obese that additionally contributes to insulin 
resistance, which, in turn, increases the risk for development of glucose intolerance, 
T2D, as well as dyslipidemia and hypertension [ 116 ]. The D19S884 allele 8 (A8) 
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which is the susceptibility locus of PCOS is associated with insulin resistance, β-cell 
dysfunction, and other metabolic phenotypes in PCOS families [ 117 ]. D19S884 
maps to chromosome 19p13.2 within the FBN3 gene. FBN3 encodes fi brillin-3, one 
of the three members of the fi brillin family of extracellular matrix proteins [ 118 ]. 
Fibrillins provide structural integrity to connective tissues and regulate the activity 
of members of the TGF-β superfamily [ 119 ], which have been implicated in PCOS, 
insulin resistance, T2D, and glucose homeostasis [ 120 ,  121 ]. If members of the 
TGF-β pathway are implicated in various states of insulin resistance, then FBN3, a 
potential extracellular regulator of this pathway, may also play a role in regulating 
maternal glycemia [ 122 ,  123 ]. 

 GYS2 gene is a new susceptibility gene that signifi cantly impacts the risk for 
PCOS through obesity-related conditions [ 124 ]. The human GYS2 is located at 
12p12.2. It is an enzyme responsible for the synthesis of 1, 4-linked glucose chains 
in glycogen, and, encodes for rate-limiting liver glycogen synthesis. Its activity is 
highly regulated through phosphorylation at multiple sites and by allosteric effectors, 
mainly glucose 6-phosphate. Some studies report that defects in the GYS2 gene 
cause inherited monogenic disease glycogen storage disease [ 125 ,  126 ]. In addition, 
GYS2 gene is one of the adipose tissue-enriched genes contributing to obesity from 
a stratifi ed transcriptomics analysis [ 127 ]. GYS2 gene on chromosome 12p12.2 was 
identifi ed in a PCOS GWAS for obesity-related conditions, and confi rmed further 
associations in an independent childhood obesity study and a gestational diabetes 
study [ 124 ].  

7.1.22     Genes for Adiposity 

 Accumulating evidence suggests a role for the blood coagulation factor gene F13A1 
in obesity [ 128 ]. Schweighofer et al. found an association of the G allele of F13A1 
SNP rs7766109 in PCOS patients with higher BMI, raised FAI, decreased levels of 
SHBG, and HDL, elevated levels of free testosterone and TG, and higher systolic 
blood pressure [ 128 ]. Some of the associations were more pronounced in obese 
PCOS women including FAI, free testosterone, SHBG, AUCins, while some in lean 
PCOS women included BMI, TG, HDL. F13A1 SNP rs7766109 did not contribute 
to PCOS susceptibility. They also found an association of the G allele of the F13A1 
SNP rs7766109 with lower HDL levels in PCOS women [ 128 ]. These fi ndings are 
of particular interest because dyslipidemia is a common feature of PCOS, and, HDL 
levels are inversely correlated with androgen levels and body fat. Billings et al. 
investigated the association between F13A1 SNPs and HDL cholesterol levels in a 
Finnish EUFAM population, and, identifi ed 10 SNPs within the introns 3–5 that 
were associated with serum lipid levels [ 129 ]. 

 Expression of 11β-hydroxysteroid dehydrogenase type 1(11β-HSD1) in visceral 
and subcutaneous adipose tissues of patients with PCOS is associated with adiposity. 
PCOS is not associated with increased 11β-HSD1 expression. Increased expression 
of this gene correlates with markers of adiposity, and, predicts insulin resistance and 
an unfavorable metabolic profi le, independently of PCOS [ 130 ]. In the development 
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of insulin resistance increased cortisol activity in adipose tissue may be important 
[ 131 ]. The enzyme 11β-HSD1 interconverts glucocorticoids cortisone and cortisol 
in adipose and other tissues [ 131 ]. In vivo, the reductase activity prevails, generating 
cortisol by both autocrine and paracrine functions [ 131 ]. Various studies report 
increased expression of 11β-HSD1 gene (HSD11B1) [ 130 ,  131 ] and activity of this 
enzyme in subcutaneous adipose tissue of obese people [ 132 ]. Several studies 
demonstrate a positive correlation between HSD11B1 expression with obesity [ 133 , 
 134 ], while others found exclusive associations of subcutaneous adipose HSD11B1 
expression with obesity and IR [ 135 ,  136 ]. 

 PCOS of women has profound effects on their offspring, and obesity is one of the 
most important infl uences. Although the mechanisms responsible are not clearly 
elucidated, there is consistent evidence that parents may infl uence the risk of adiposity 
in their offspring through genetics, the intrauterine environment, and behavioral and 
environmental factors. The prevalence of PCOS is likely to increase in parallel with 
the obesity epidemic. The complex aetiology of PCOS is infl uenced by genetic and 
environmental – particularly dietary factors. Both factors contribute to adiposity, 
which in turn infl uences the severity and expression of PCOS. Given the complexity 
of adipocyte physiology and pathophysiology, it is likely that we have only just 
begun to understand the mechanisms linking PCOS with adiposity, and, obesity of 
their offspring.      
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    Abstract  
  The mechanisms of normal development of the central nervous system could 
be modulated by a variety of spatial and temporal factors. Neurodevelopmental 
disorders may originate during fetal life because the feto- maternal environment 
is vulnerable to negative intrauterine and extrauterine factors, such as maternal 
smoking, alcohol, nutrition, endocrine disruptors, exposure to pesticides such 
as chlorpyrifos, exposure to drugs such as terbutaline, maternal teratogenic 
alleles, psychosocial stress, and infection during pregnancy, as well as pre-
term birth. As a consequence, the process of fetal neurodevelopment, which 
involves cell programs, developmental trajectories, synaptic plasticity, and 
oligodendrocyte maturation, could be adversely affected [1, 2]. Possible mecha-
nisms include changes in neurodevelopment, changes in the set points of 
neuroendocrine systems caused disruption to placental function, environmental 
toxin cross the placental barrier and early programming effects, and, there is 
evidence that prenatal adversity interacts with intrinsic genetic factors, and, 
extrinsic, postnatal, environmental factors [3]. Meanwhile there is also accu-
mulating evidence suggesting that epigenetic changes may mediate programming 
effects at a molecular level during embryonic and fetal development [4]. In this 
chapter, we will discuss the evidence related to Embryo-fetal origins of mental 
disorders.  
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8.1         Prenatal Stress 

 If a pregnant mother suffers from stress or anxiety, her child is more likely to show 
a range of mental disorder symptoms such as attention defi cit hyperactivity dis-
order, conduct disorder, aggression or anxiety [ 5 ]. Prenatal stress is associated 
with increased risks for a range of neurodevelopmental, behavioural and cognitive 
changes in the child. Not all children are affected in the same way and most 
are not affected at all. In monkeys offspring of prenatally-stressed mothers have 
both increased anxiety and reduced attention span [ 6 ]. Many different, human 
studies show that the child of a mother experiencing stress during pregnancy is at 
increased risk of anxiety [ 7 ,  8 ], attention defi cit/hyperactivity disorder (ADHD) 
[ 7 ,  9 ] and conduct disorder [ 7 ,  10 ] as well as altered function of the hypothalamo-
pituitary axis (HPA) [ 11 ]. Cognitive defi cits [ 12 – 14 ], increased levels of mixed 
handedness [ 12 ,  15 ,  16 ], dermatoglyphic asymmetry [ 17 ] have also been reported in 
these studies. Severe stress in the fi rst trimester has been associated with an increased 
risk of schizophrenia [ 18 ]. The Stress later in pregnancy has been reported to be 
associated with increased risks of autism in one study [ 19 ], but not another [ 10 ]. 
Effects of prenatal stress are often different in male and female [ 20 ,  21 ]. A recent 
study has demonstrated, using structural magnetic resonance imaging, decreased 
grey matter in several brain regions in children of mothers with anxiety during 
pregnancy. 

 Fetal programming may cause long-lasting changes in brain structure and func-
tion, particularly in low birth weight babies who are at risk for a range of later 
mental health and behavioural problems too [ 3 ]. Prenatal stress is linked to a wide 
variety of stressors, both acute and chronic, with altered outcomes in childhood. 
The effects of acute disasters such as 9/11 [ 22 ], Chernobyl [ 9 ], and a Canadian ice 
storm [ 14 ] have been studied. Other studies have found correlations with much 
milder stress, such as daily hassles, or pregnancy-specifi c anxiety [ 23 ,  24 ]. Statistical 
data in healthy populations show that mild to moderate levels of psychological 
distress may be benefi cial for fetal maturation and, the “dose-response curve” may 
be an inverted U shape, which means that optimal outcomes are associated with 
mild or moderate prenatal stress rather than less or more stress. 

 In humans there is evidence that fetal behavior is related to the emotional state of 
the pregnant mother [ 25 ,  26 ], and, that there is continuity between fetal and infant 
behaviour [ 27 ]. Maternal stress in pregnancy has been found to be associated with a 
range of altered outcomes for the child, independent of any effect on birth weight 
[ 12 ,  16 ]. Increased symptoms of ADHD is one of the outcomes most commonly 
associated with prenatal stress [ 28 ,  29 ]. An increase in symptoms of hyperactivity, 
independently of attention problems, has also been found to be associated with 
increased prenatal anxiety and depression [ 30 ]. Several studies have found that 
prenatal stress or anxiety is associated with increased levels of anxiety [ 7 ,  8 ,  12 ] or 
internalizing problems in the child [ 31 ]. 

 Externalising problems [ 8 ,  31 ] and conduct disorder are associated with prenatal 
stress or anxiety, independent of postnatal maternal mood [ 10 ,  32 ], or, genetic 
factors [ 33 ]. Prenatal anxiety is especially related to conduct disorder that persists 
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into adolescence, rather than that limits to childhood [ 10 ]. Oppositional defi ant 
behaviour, associated with hyperactivity, is also increased in children of mothers 
who were anxious or depressed in pregnancy [ 30 ]. Prenatal stresses including life 
events [ 12 ], exposure to a Canadian ice storm [ 14 ], increasing anxiety [ 34 ], the 
exposure to pregnancy-specifi c anxiety and increased daily hassles [ 35 ], are associ-
ated with reduced cognitive function in childhood.  

8.2     Nutrition 

 Adequate maternal nutrition is vital for the neurodevelopment of the fetus. The Dutch 
famine, not only infl uenced the fi rst generation, it also triggered a wave of physical 
and mental problems in later generations [ 36 ], especially an increased risk of 
schizophrenia in adult life. Similarly, the evidence from Chinese population samples 
also suggests that in utero nutritional defi ciency, as indicated by maternal exposure 
to severe famine during pregnancy, is signifi cantly correlated to adult schizophrenia 
[ 20 ,  37 ,  38 ]. The precise mechanisms linking prenatal nutritional defi ciency and 
adult schizophrenia are unknown, but considerable evidence supports a role for 
epigenetic changes [ 39 ,  40 ]. Methyl donors, such as folate, methionine, choline, 
vitamin B12,vitamin B6, and vitamin B2, usually contained in the diet, are required 
for the formation of S-adenosylmethionine (SAM),which acts as a methyl donor for 
the methylation of cytosine DNA residues [ 41 ,  42 ]. Prenatal exposure to a diet 
lacking such components at specifi c developmental time points may cause incorrect 
pattern of gene expression, which may result in detrimental phenotypic effects. For 
example, Prenatal exposures in the Dutch famine were relatively hypomethylated at 
the imprinted IGF2 gene when compared with their unexposed, same sex, siblings 
six decades after the period of nutritional defi ciency, and meanwhile this association 
is specifi c for periconceptional defi ciency [ 22 ]. 

 Epidemiological studies identify overlapping patterns in the incidence of 
schizophrenia with neural tube defects, suggesting that there are one, or more, 
shared aetiological risk factors between these disorders. Among these risk factors, 
nutritional factors, especially folate, play an important role in linking epigenetic 
variation, early development, and the risk of major psychotic disorders [ 43 ]. 
Elevated homocysteine levels in the third trimester of pregnancy are associated with 
an increased risk of schizophrenia of the offspring [ 23 ]. Furthermore, since postpar-
tum restoration to normal maternal blood folate levels may take about 1 year after 
giving birth to a baby, birth interval could be used as an indirect indication of 
folate levels during pregnancy, which also shows an association between folate and 
schizophrenia [ 24 ]. 

 Methylene tetrahydrofolate reductase (encoded by the gene MTHFR) is a key 
enzymatic molecule in the one carbon metabolic pathway, acting to catalyze 
the conversion of 5,10-methylenetetrahydrogolate to 5-methyltetrahydrofolate, a 
co- substrate for homocysteine remethylation to methionine. Genetic association 
studies of two, single-nucleotide polymorphisms in the MTHFR gene has supported 
the correlation with both schizophrenia and bipolar disorder [ 25 ,  44 ,  45 ]. 
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 Of course, these negative effects of famine may not be solely attributed to 
impaired nutrient intake during pregnancy. Famine may increase the level of 
psychological stress, which is also a risk factor for schizophrenia, and perhaps asso-
ciated with epigenetic changes. 

 Some studies have been demonstrated the association of birth weight with a 
wide range of psychopathology, including depression, schizophrenia and ADHD, 
suggesting that low birth weight induced by intrauterine undernutrition may increase 
risks for later psychiatric disorders [ 33 ].  

8.3     Drugs 

 Although prenatal cocaine exposure has not been shown to have any detrimental 
effect on cognition, except as mediated through cocaine-mediated effects on head 
size, prenatal cocaine exposure has been proved to be associated with numerous 
abnormalities in arousal, attention, and neurologic and neurophysiological function. 
However, most of the above negative effects are perhaps self-limited and restricted 
to early infancy and childhood [ 46 ]. Opiate exposure, especially exposure to metha-
done elicits a well-described withdrawal syndrome affecting central nervous, 
autonomic, and gastrointestinal systems [ 47 ]. While children exposed in utero to 
drugs tend to fair less well developmentally than unexposed children, distinguishing 
an independent contribution of the drug under study from other risk factors asso-
ciated with drug usage, such as chaotic parenting and exposure to other drugs of 
abuse, is diffi cult. 

 The fetus development could be adversely affected by drugs used during preg-
nancy in both direct way (passage of the drug through the placenta), and indirect way, 
(poor maternal health habits and environmental conditions) [ 48 ]. As a consequence, 
specifi c learning and behavior problems may be evoked and even persist into 
later childhood and adolescence. Even the CNS symptoms which could remit 
over the early years of life may still be precursors to later adverse developmental 
outcomes [ 46 ,  47 ]. 

 Exposure to industrial chemicals e.g. lead, methylmercury, polychlorinated 
biphenyls [PCBs], arsenic, and toluene during embryonic and early fetal develop-
ment may cause nervous system injury, which could result in neurodevelopmental 
disorders and subclinical brain dysfunction [ 48 ]. More than 200 chemicals have 
been known to cause clinical neurotoxic effects in adults [ 48 ]. With recognition of 
these risks, prevention programmes, such as elimination of lead additives in petrol has 
been initiated successfully. However, there are still gaps between testing chemicals 
for developmental neurotoxicity and the high level of proof required by regulatory 
authorities, which cause delays of prevention [ 48 ]. According to the recognition of 
the unique vulnerability of the neuro system development, improved, precautionary 
approaches of testing and control of the dangerous chemicals are needed. 

 Other drugs, such as anaesthetic agents, may also infl uence the fetal neuro-
development [ 55 ]. Animal studies demonstrate that commonly used anesthetic agents 
could adversely affect early brain development both histologically and functionally. 
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With human epidemiological evidence suggesting an association between anaesthesia 
and surgery in early life, and, later-onset learning disabilities, attention has focused 
on the subtle long-term effects of anaesthesia exposure [ 55 ]. Evidence is limited but 
at present there is no scientifi c justifi cation to prefer the use of one anaesthetic agent 
to the other.  

8.4     Alcohol and Cigarette Smoking 

 It is clear that prenatal exposure to alcohol could impose a range of negative effects 
on offspring neuroendocrine and behavioural functions. Alcohol could directly 
affect developing fetal endocrine organs through easy passage through the placenta. 
In addition, alcohol may indirectly disrupt the normal hormonal function in fetus 
and affect fetal development through negative impact on maternal endocrine func-
tions [ 49 ]. The HPA axis is highly susceptible to programming during fetal and 
neonatal development. Alcohol exposure in utero can reprogram the fetal HPA axis 
which is highly vulnerable to programming during fetal and neonatal development. 
As a consequence, HPA “tone” is increased throughout life [ 50 ]. Furthermore, many 
studies show the sexually dimorphic effects of alcohol, although alterations in HPA 
responsiveness and regulation occur in both male and female offspring [ 50 ]. 

 Maternal smoking during pregnancy has strong associations with not a few 
adverse developmental outcomes in offspring, which these include spontaneous 
abortion, growth restriction, preterm delivery, increased risk of sudden infant death 
syndrome (SIDS), as well as long-term behavioural and psychiatric disorders [ 51 ]. 
However, the underlying physiological mechanisms for these adverse effects are not 
fully understood. Nicotine from cigarette smoking, could affect placental vasculature, 
and function thorough nicotinic acetylcholine receptor binding in fetal membranes, 
which could also result in dysregulation of catecholaminergic and serotonergic 
neurotransmitter systems. Both nicotine and CO caused by cigarette smoking could 
decrease uterine blood fl ow, and then evoke a state of hypoxia and malnutrition in 
the fetus. Experimental evidence shows that nicotine can cross the placenta, and 
bind to nAChRs, which are expressed at high levels during development of the 
human brain [ 52 ]. Considering the role of the nAChRs in differentiation, axonal 
path fi nding, and synapse formation, further stimulation related to maternal nicotine 
usage may alter normal development of the fetal nervous system. So it is important 
to warn pregnant women of the detrimental effects of smoking, and to encourage 
them to abstain for healthy fetal development. 

 Maternal smoking in pregnancy also induce a range of risks associated with 
psychopathology. Studies of the children of twins [ 53 ] and also children who are 
genetically unrelated to the woman undergoing the pregnancy as a result of concep-
tion through assisted reproductive technologies allow separation of prenatal effects 
from maternal-child genome sharing [ 52 ]. These studies have suggested that the 
exposure to maternal smoking in pregnancy may be linked to lower offspring 
birth weight [ 4 ]. In contrast, for attention-defi cit hyperactivity disorder (ADHD) 
and antisocial behaviour, the association may be explained by inherited factors 
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transmitted from mother to child [ 8 ,  17 ,  53 ]. Sibling studies show that when one 
sibling is exposed to maternal smoking in pregnancy and the other is not, the 
unexposed sibling also shows increased attentional and behavioural problems [ 54 ]. 
Animal studies consistently show that exposure to cigarette smoke and nicotine in 
utero reduces birth weight; for ADHD-like behaviours the evidence is mixed. These 
fi ndings suggest that maternal smoking in pregnancy causing ADHD in offspring 
may be unfounded, or, the effects may be smaller than currently believed.  

8.5     Intrauterine Infection 

 Maternal or intrauterine infection may play a critical role in perinatal brain damage 
and result in long-term disabilities including cerebral palsy [ 56 ]. Increased levels of 
the proinfl ammatory cytokine interleukin (IL)-6 have been detected in amniotic 
fl uid and umbilical cord plasma, and, are associated with the development of white 
matter lesions. Furthermore, high levels of tumour necrosis factor (TNF) alpha, 
IL-6 and interferon gamma are expressed in macrophages and astrocytes in regions 
of white matter damage in the developing brain. The source of the circulating cyto-
kines is thought to be invading microorganisms accessing the amniotic cavity and 
the fetus by ascending infection from the vagina and cervix. This induces an innate 
immune response with infl ammation of the chorioamniotic membranes and the 
production of proinfl ammatory cytokines. The cytokines and other infl ammatory 
mediators then gain access to the fetus and impose adverse effects to the offspring 
via swallowed amniotic fl uid, or, through fetal lungs, eyes or nasal membranes. 
These agents may increase the permeability of the blood—brain barrier with the 
enhanced leukocyte infi ltration of the brain mediated by brain chemokines; brain 
microglia and astrocytes upregulate the production of cytokines and brain injury 
will ensue. Elucidating the mechanisms involved in infl ammatory-induced brain 
injury is made more complex by the observation that infl ammation may interrupt 
hemodynamic stability, and, that activation of infl ammatory pathways is involved in 
the neural response to hypoxia/ischaemia. In human pregnancies where intrauterine 
infl ammation is accompanied by fetal asphyxia, there is a dramatic increase in the 
risk of cerebral palsy [ 57 ]. The synergistic pathways between hypoxia and infection 
may exist, which has potential to develop into brain damage [ 57 ]. 

 Fetal exposure to endotoxin lipopolysaccharide (LPS), a component of gram 
negative bacteria, in sheep and rats show that LPS binds to the CD14 receptor on the 
membrane of myeloid cells and, in concert with Toll-like receptors (TLRs) including 
TLR-4, activates a transmembrane signaling pathway [ 58 ]. This pathway involves 
the activation of nuclear factor (NF)-κB which regulates the transcription of several 
genes including the proinfl ammatory cytokines, IL-1, IL-6 and TNF-a [ 59 ]. A study 
shows that, in sheep model, repeated bolus injections of LPS to the fetus over 5 days 
at 0.7 gestation results in brain injury within 10 days of the fi rst exposure [ 60 ]. 
The injury ranges from focal cystic infarction in the periventricular region to diffuse 
damage, characterized by reactive gliosis, in the surrounding and subcortical white 
matter [ 60 ]. The pattern of injury is similar to that described in the premature infant. 
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Blood fl ow is not signifi cantly altered in the fetal ovine brain during LPS exposure, 
but as there was signifi cant hypoxemia due to reduced umbilical—placental 
blood fl ow, oxygen delivery was reduced by 30–40 % in the fetal brain including the 
white matter [ 60 ].  

8.6     Cerebral Hypoxic—Ischaemic Injury 

 Exposure to cerebral hypoxia—ischaemia leads to different neuropathologies at 
differing gestational ages [ 61 ]. In term infants, neuronal injury predominates; neurons 
of the CA1 region of the hippocampus, the deeper layers of the cerebral cortex and 
cerebellar Purkinje cells are injured most frequently [ 62 ]. By contrast, in premature 
infants the cerebral white matter is the major site of injury, leading to the classic 
neuropathology of periventricular leukomalacia (PVL). PVL includes both the focal 
cystic infarcts adjacent to the lateral ventricles and more diffuse gliosis extending 
throughout the cerebral white matter [ 63 ]. Magnetic resonance imaging (MRI) studies 
demonstrate that the diffuse component is very common in premature infants, while 
focal necrosis now occurs in less than 5 % of preterm infants [ 64 ]. In preterm 
infants, it is increasingly recognized that there is evidence of primary or secondary 
injury to cortical or deep grey matter, including the cerebral cortex, hippocampus 
and cerebellum [ 65 ]. These alterations in grey matter structures may occur as a 
result of white matter injury with axonal deafferentation. 

 In relation to neuronal injury the principal pathways leading to cell death after 
hypoxia—ischaemia are initiated by energy depletion followed by activation of 
glutamate receptors, accumulation of cytosolic calcium, activation of a variety of 
calcium- mediated deleterious events including the generation of reactive oxygen 
species (ROS) such as superoxide anion, hydroxyl radicals and nitric oxide deriva-
tives [ 65 ]. ROS interact with lipid components of cellular membranes, initiating 
lipid peroxidation, resulting in the breakdown of lipid constituents into highly 
reactive by-products including lipid aldehydes, for example hydroxynonenal and 
malondialdehyde. These reactive aldehydes then bind and modify protein creating 
protein adducts. Stress from nitric oxide (NO) released from reactive microglia 
reacts with superoxide anions to form peroxynitrite which targets tyrosine residues 
of proteins to form nitrotyrosine residues. Both processes are highly damaging to 
cell membranes [ 2 ]. These events can result in mitochondrial disruption, and, imme-
diate or delayed cell death, with the cascade of damaging events unfolding over 
hours to days after the primary insult. In the preterm infant, the vulnerability of 
the cerebral white matter appears to be related to the exquisite sensitivity of the 
immature oligo-dendrocytes to ROS. Although the underlying mechanisms have not 
yet been proven, there is an association between high levels of lipid peroxidation 
products, such as 8-isoprostane, in the cerebrospinal fl uid and white matter injury in 
preterm infants [ 64 ]. 

 The most frequently used model of hypoxemia-ischaemia is that developed in 
the neonatal rat at postnatal days 7–10, involving unilateral carotid artery ligation 
and exposure to low oxygen levels. This results in regional damage to the white and 
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grey matter but the paucity of white matter in rodents does not allow for a close 
replication to the human lesion; neither does the paradigm result in neurological 
defi cits [ 65 ]. More recently, investigators have applied this injury at an earlier 
stage of development (postnatal day 3), producing a signifi cant impact on cortical 
development. Despite the differences from the human lesion, the model has been 
valuable in developing an understanding of mechanisms involved in hypoxic—
ischaemic brain injury.  

8.7     Preterm Birth 

 Advances in perinatal care have led to a signifi cant improvement in the survival of 
very preterm (<30 weeks gestational age) infants [ 66 ]. However, up to 10 % of these 
infants develop spastic motor defi cits and at least another 20 % suffer developmental 
or behavioural disabilities. As indicated above, the most common cerebral neuropa-
thology observed in preterm infants is white matter injury. Such cerebral white matter 
injury may have subsequent consequences on the overlying cerebral cortex, with 
alterations in grey matter development detected by advanced MRI techniques in 
preterm infants. In this regard it is relevant that Marin-Padilla has demonstrated 
subtle neuropathological abnormalities in the developing neocortex adjacent to 
perinatally acquired white matter lesions which were thought to result from sensory 
deafferentation or axotomy [ 65 ]. His study emphasizes the importance that progres-
sive post-injury reorganization of the undamaged cortex plays in the underlying 
mechanisms of ensuing neurological sequelae. 

 Periventricular leukomalacia is a disorder of developing white matter, and is of 
particular importance for the preterm infant. The peak incidence for periventricular 
leukomalacia occurs in preterm infants born between 24 and 36 weeks of gestation 
[ 1 ]. In preterm births with very low birth weight (<1,500 g), > 90 % survive because 
of technical improvements in neonatal intensive care, 10 % develop cerebral palsy, 
and 20–50 % develop cognitive and learning defi cits [ 66 ]. In considering periven-
tricular leukomalacia as a neurodevelopmental brain disorder, it is important to 
relate its critical period of onset to the developmental milestones of the human brain. 
At 30 weeks of gestation, human brain weight is barely >50 % that of a full- term 
infant. The formation of gyri and sulci, the maturation and migration of neurons, 
neuronal lamination, and the development of blood-vessel regulation, oligoden-
drocytes, astrocytes, and microglia all occur during the second half of gestation. 
The study of periventricular leukomalacia focuses on developing oligodendrocytes 
and the mechanisms leading to cerebral palsy and developmental disabilities. 
Another national follow-up study shows that the risk of not completing basic school 
increased with decreasing gestational age [ 67 ]. The risk at ≥31 weeks’ gestation 
was moderate and increased steeply at <31 weeks’ gestation; the increase at <31 
weeks’ gestation could not be explained in isolation by cerebral palsy [ 67 ]. 

 Research in the guinea pig model of chronic placental insuffi ciency/IUGR found 
enlargement of the lateral cerebral ventricles, most likely resulting from reduced 
growth of neural processes, and reduced neuronal numbers in some brain regions 
[ 68 ]. Ventriculomegaly is one of the most consistent fi ndings in the brains of patients 
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with schizophrenia. This study demonstrates experimentally for the fi rst time that 
such alterations can originate from an insult in utero and persist into adolescence. 
Furthermore it also demonstrates reduced brain weight, reduced basal ganglia 
volume, absence of astrogliosis, and, the presence of sensorimotor gating defi cits at 
adolescence, paralleling the situation in some patients with schizophrenia [ 68 ]. 

 White matter damage may also occur as a result of reverse operation of the 
Na + -Ca 2+  exchanger in axons. Energy depletion causes failure of Na + -K +  ATPase 
which allows an unopposed inward leakage of Na +  and membrane depolarization 
acts to drive the Na + -Ca 2+ exchanger in the Ca 2+  import mode, leading to intracellular 
Ca 2+  overload. Excess Ca 2+  disrupts mitochondrial function, leading to axonal damage. 
If the insult is less severe, a sublethal infl ux of Ca 2+  may signifi cantly retard the 
growth of axons [ 69 ].  

8.8     Epigenetics 

 The major psychotic disorders, schizophrenia and bipolar disorder, are aetiologically 
complex involving both heritable and non-heritable factors. Since there is less 
evidence of consistently-replicated, genetic effects, and lasting changes in gene 
expression after environmental exposures, it is assumed that the biological under-
pinnings of these disorders are epigenetic in form rather than DNA sequence based 
[ 70 ]. Environmental exposures which are related to mental disorders, particularly 
happening at certain key developmental stages, may evoke long-lasting epigenetic 
alterations that impose negative impact on the neurobiological processes [ 70 ]. 
Given, The understanding of the dynamic nature of the epigenetic mechanisms and 
potential reversibility of epigenetic modifi cations is of key signifi cance of clinical 
psychiatry and identifying new targets for prevention. 

 Exposure to environmental factors could infl uence epigenetic processes, either 
globally or at specifi c loci [ 70 ]. For example, DNA methylation could be modifi ed 
by nutritional, chemical, physical, and even psychosocial factors. During the 
mitotical process, epigenetic changes could be passed down in different genera-
tions of somatic cells so that the effects of environmental factors at several specifi c 
stages could be propagated through the whole development, resulting in long-last-
ing negative phenotypic changes [ 70 ]. The epigenome seems to be more vulnerable 
to disruption during several key developmental periods, especially the time point 
when standard epigenetic signals driving development are being established [ 70 ]. 
The epigenome-environment interactions may provide a promising mechanism of 
psychiatric disorders, including psychosis [ 71 ,  72 ]. The pathogenic effect of a 
polymorphism associated with disrupted gene function is likely to be dependent 
upon the degree to which that particular variant is actually expressed. Therefore the 
potential risk may be exaggerated, or suppressed. Interestingly the “metastable 
epialleles,” loci that can be epigenetically modifi ed so that to produce a range of 
phenotypes in genetically identical cells [ 73 ]. Many of these loci are environmen-
tally vulnerable to prenatal external factors during the development of fetus [ 74 , 
 75 ]. According to the study of agouti model, enriching the maternal diet with 
methyl donor supplements which increases offspring DNA methylation, could lead 
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to gene expression changes associated with brown fur and metabolic health [ 76 ]. 
In addition, genetic polymorphisms could alter the ability to which extent a spe-
cifi c region of the genome is able to be epi genetically altered in response to an 
environmental pathogen. 

 Another interesting example of gene-environment interaction is the study of mono-
zygotic (MZ) twins. Of particular note is the high degree of discordance between MZ 
twins for bipolar disorders. Such phenotypic discordance between MZ twins is often 
attributed to non-shared, environmental factors, although the empirical evidence for 
such a large environmental contribution to the disorder is still lacking, with no specifi c 
environmental risk factors being conclusively linked to aetiology [ 77 ]. Interestingly, 
the phenotypic discordance between MZ twins may be explained by the partial stabil-
ity of epigenetic signals. MZ twin methylation differences have been reported for 
CpG sites in certain genes previously implicated in schizophrenia, including the dopa-
mine D2 receptor gene [ 78 ] and the catechol-O- methyltransferase (COMT) gene [ 79 ]. 
This evidence suggests that even between genetically-identical individuals, the 
expression and function of some specifi c genes is not always the same, which also 
implies an important role for epigenetics in mental disorders [ 80 – 84 ]. Other charac-
teristics of major psychotic disorders, including sex differences in prevalence, parent-
of-origin effects, and evidence for abnormal levels of folate and homocysteine in the 
plasma of affected individuals [ 44 ] (a marker indicative of dysregulated DNA meth-
ylation) also support the previous assumption. Furthermore, cortical r-aminobutyric 
acid-mediated (GABAergic) neurons in schizophrenia have been shown to express 
increased levels of DNA-methyltransferase- 1 that is associated with altered expres-
sion of both RLN and GAD67 [ 82 ,  85 ]. Two recent studies have employed genome-
wide approaches to identify DNA methylation changes associated with major 
psychotic disorder. The fi rst investigated DNA methylation differences between MZ 
twins discordant for bipolar disorder [ 86 ]. In this study, affected twins showed 
increased methylation in the upstream of the spermine synthase gene (SMS) and 
lower methylation upstream of the peptidylprolyl isomerase E-like gene (PPIEL). 
Moreover, a strong inverse correlation between PPIEL gene expression and DNA 
methylation was observed. Mill et al utilized frontal cortex brain tissue from patients 
with schizophrenia and bipolar disorder to assess DNA methylation across approxi-
mately 12,000 regulatory regions of the genome using CpG island microarrays [ 84 ]. 
This study identifi ed epigenetic changes in loci associated with both glutamatergic 
and GABAergic neurotransmitter pathways, which are consistent with previous evi-
dence. Glutamate is the most abundant fast excitatory neurotransmitter in the mam-
malian nervous system, with a critical role in synaptic plasticity. Several studies 
observed that glutamate receptor agonists may cause psychotic symptoms in unaf-
fected individuals, which link the glutamate system to psychosis.  

8.9     Conclusions 

 Many, varied factors contribute to the mental health of newborns during the period 
of embryo-fetal development. Quantitative, genetic studies and epidemiological 
data highlight an important role of environmental factors in the aetiology of major 
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psychotic disorders [ 72 ]. Notwithstanding methodological concerns regarding the 
validity of environmental measures, some have consistently been associated with 
both schizophrenia and bipolar disorder [ 87 ]. The mechanism through which 
these environmental factors act upon molecular and cellular biological machiner-
ies in the human brain, and ultimately give rise to psychosis-related phenotypes and 
pathology, remains poorly understood. It is clear that genes and environment act 
together to increase susceptibility of psychopathology [ 88 ]. These fi ndings, how-
ever, represent purely statistical interactions and provide little information about 
precise aetiological mechanisms. Taking this into consideration, it may be attrac-
tive to argue that environmental risk factors for major mental dysfunction act, at 
least in part, via epigenomic alterations. The epigenetic machinery of the cell, 
which acts to directly control gene expression, may be infl uenced by adverse envi-
ronmental exposures so that modify the effects of pathogenic DNA sequence 
polymorphisms. Evidence remains limited though it is a continuing avenue of 
inquiry.     
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    Abstract  
  Infertility is defi ned as the inability of a couple to conceive despite trying for 
1 year. Genetically, infertility is considered a lethal factor, because the family 
lineage stops at that individual with no further offspring [1]. Traditionally, 
male infertile factors include azoospermia or oligozoospermia, and, abnormal 
sperm morphology or motility. Genetic pathogenesis may include Y chromo-
some microdeletions, chromosomal abnormalities, a single gene mutation, or, 
rearrangements of sperm mitochondrial DNA (mtDNA). Female infertile factors 
include congenital malformations, or, dysfunction of female reproductive system 
including abnormal folliculogenesis and sexual dysfunction. Accumulating data 
suggests that adverse exposures, or interventions, during the period of gameto-
genesis and embryo-fetal development may result in infertility [2–7]. Concerns 
about the effects of development on reproductive health are not new; previous 
studies in animal models and human epidemiological data indicate that early life 
events may initiate long term changes that increase the risk of diseases, such as 
the reproductive disorders [7–76]. 

 Studies in animal models and basic research underscore the vulnerability of 
the reproductive system at different times of development and across the whole 
life-cycle. We review data implicating select developmental factors in compro-
mising reproductive capacity in animals. We also review epidemiological and basic 
research in humans that suggests roles for developmental factors in reproductive 
dysfunction and infertility. Finally, we summarize the epigenetic modifi cations 
and currently-available countermeasures in prevention and treatment.  
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9.1         Infertility Originating from Embryo-Fetal Development 

 The classic studies that show unhealthy, transgenerational effects are observations 
of the Dutch famine, where it was clearly shown that alterations in fetal nutrition, 
especially in early pregnancy, can permanently change development across 
generations. Not only did starved mothers deliver small babies; their daughters also 
had high rates of small for gestational age (SGA) babies, even though the daughters’ 
diet during pregnancy was normal [ 77 ,  78 ]. 

 In one recent, transgenerational study, researchers intercrossed male and female 
adult controls with fi rst-generation offspring of gestational diabetes mellitus 
(F1-GDM) mice to obtain second-generation (F2) offspring. They found that birth 
weight signifi cantly increased in F2 offspring through the paternal line suffered 
impaired glucose tolerance (IGT). Regardless of whether they were born from 
F1-GDM with, or without IGT, there was a high risk of IGT appearing as early as 
3 weeks in the F2 offspring that progressed through both parental lineages, espe-
cially the paternal line. In both F1 and F2 offspring of GDM, the expression of 
imprinted genes Igf2 and H19 was downregulated in pancreatic islets, and, this 
resulted from abnormal methylation status of the differentially methylated region. 
Furthermore, altered Igf2 and H19 gene expression occurred in sperm of adult 
F1-GDM, regardless of the presence of IGT, indicating that epigenetic changes in 
germ cells may have contributed to transgenerational transmission [ 79 ]. 

 Related studies have described the ability of environmental factors (e.g. endocrine 
disruptors), physiological or pathological stress (e.g. malnutrition, excess steroid 
hormones, etc.), and therapeutic treatments (e.g. ordinary drug, chemotherapy, radio-
therapy, assisted reproductive technology, etc.) to disrupt gametogenesis, and, 
embryo-fetal development to promote transmissible, adult-onset disease, such as the 
reproductive disorders [ 7 – 76 ] and others [ 77 – 119 ]. 

 As a consequence, concerns emerged regarding adult infertility from the same 
origins. At present, there is little experimental data on humans originating from 
gametogenesis and embryo-fetal development; there are some studies in animals.  

9.2     Animal Studies 

 Exposure of gestating animals to adverse environment factors, such as endocrine 
disruptors, malnutrition or excess steroid hormones, may lead to lots of disorders, 
including infertility [ 8 – 35 ]. 

9.2.1     Exposure to Endocrine Disruptors 

 Studies on transient exposure of gestating maternal rats to endocrine disruptors, 
such as bisphenol A, vinclozolin, methoxychlor, TCDD (a kind of dioxin), fi nd that 
there is induction of an adult phenotype in the F1 generation with decreased sper-
matogenic capacity (cell number and viability), and, an increased incidence of male 
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infertility [ 8 – 15 ]. These effects may be transferred through the male germ line to 
subsequent generations. The effects on reproduction correlate with altered DNA 
methylation patterns in the germ line. The alteration in epigenome may interfere 
with protein expression profi les of testicular steroid receptor co-regulators, relative 
hormonal signaling, and, development of male reproductive organs, including 
spermatogenesis. It has been considered that the environmental agents had the ability 
to induce epigenetic transgenerational changes in the sperm epigenome and the testes 
proteome, leading to male infertility [ 8 – 15 ]. 

 In female offspring, transient exposure of gestating maternal rats to adverse 
endocrine disruptors may induce transgenerational, adult phenotypes of ovarian 
diseases, including infertility [ 16 – 19 ]. Transient exposure to several environmental 
toxins of F0 gestating female rats during the embryonic period, gives rise to offspring’s 
ovarian cysts resembling human polycystic ovarian syndrome (PCOS) [ 120 – 122 ], 
and, a decrease in the size of the ovarian primordial follicle pool resembling 
primary ovarian insuffi ciency [ 123 ,  124 ]. There was evidence of transgenerational 
effects that demonstrated differential DNA methylation in the F3 generation granu-
losa cells in both the transcriptome and epigenome [ 19 ].  

9.2.2     Malnutrition 

 Exposure of gestating animals to a suboptimal nutritional environment, such as 
maternal diabetes, obesity, intrauterine protein restriction, high-fat diet, etc., may 
also result in alterations to male and female fertility [ 20 – 22 ]. 

 In a rat study of growth restriction caused by maternal diabetes, body weight and 
blood glucose levels of male pups, on the third postnatal day, were lower in the 
offspring of diabetic dams compared to controls. Testicular descent and preputial 
separation were also delayed in these offspring, as well as lower weights of 
reproductive organs at 40, 60 and 90 days-old [ 20 ]. 

 Exposure of gestating rats to in utero protein restriction, overall fetal growth and 
development was impaired with altered reproductive phenotypes in the offspring 
[ 21 ,  22 ]. In female pups, alterations include increased ano-genital distance, delayed 
vaginal opening and timing of fi rst oestrus, lower levels of serum oestradiol, proges-
terone, luteinizing hormone, increased cycle length, declining fertility rates, and, 
reduced survival of the pups. These data show that in utero protein restriction results 
in delayed sexual maturation and premature ageing of reproductive function in 
female progeny [ 21 ]. In male pups, alterations in reproductive phenotype include 
decreased sperm reserves, short sperm transit time through the epididymis which is 
important to sperm maturation, etc. [ 22 ].  

9.2.3     Steroid Hormones 

 Many studies provide support for the role of androgens and estrogens during 
development in relation to various dysfunctions that contribute to the infertile 
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phenotype [ 23 – 35 ]. Animals exposed to high levels of androgen in utero (by giving 
very large doses of androgen to the mothers) may develop reproductive and metabolic 
dysfunctions that mimic those observed in women with PCOS [ 23 – 35 ]. In ewes, 
androgen- treated female progeny demonstrate abnormalities of early follicle develop-
ment, increased ovarian follicular recruitment, reduced ovarian reserve and 
disrupted ovarian cycles [ 23 – 27 ]. All these fi ndings are potential contributors to 
early reproductive failure. Similar results were also found in successive studies of 
prenatally androgenized monkeys, including elevated circulating luteinizing hormone 
(LH) levels and hyperandrogenism in late gestation and early infant life [ 28 ]. 

 Development of PCOS-like phenotypes in prenatally androgenized rhesus 
monkeys may result from perturbation of the epigenome, through altered DNA 
methylation [ 125 – 129 ]. The effects of maternal androgen exposure on ovarian 
development may be enhanced by the synergetic actions of estrogens by altering 
fetal ovarian steroidogenic gene and microRNA expression [ 29 ]. The disruptive 
impact of prenatal testosterone on adult pathology may partially depend on its 
conversion to estrogen, and, consequent changes on maternal and fetal endocrine 
environments [ 27 – 31 ]. 

 In a sheep model, prenatal testosterone exposure is associated with changes in 
the expression of anti-Müllerian hormone (AMH) in pre-antral and antral follicles 
in adult ovaries, similar to fi ndings in women with PCOS. Changes of AMH expres-
sion in adult ovaries may mediate abnormal folliculogenesis in PCOS [ 32 ].   

9.3     Human Studies 

 In humans, infertility is usually demonstrated as a primary or secondary manifestation 
of adult disease [ 7 ,  36 – 49 ,  81 ,  82 ,  90 ,  128 ,  130 – 133 ]. Infertility may also manifest 
as impaired fertility owing to malnutrition or, a side-effect of therapeutic treatment 
such as cytotoxic chemotherapy, radiotherapy or assisted reproductive technology 
(ART) [ 7 ,  57 – 63 ,  72 – 76 ,  100 ,  101 ,  134 ,  135 ]. All of the infertility mentioned above 
could be in the origin of embryo-fetal development. 

 Classical adult diseases with infertility derived from gametogenesis and embryo- 
fetal development include prostate disease, congenital hypospadias, cryptorchidism 
and gonadal dysfunction in males, and, endometriosis, uterine abnormalities, early 
menarche, PCOS and early menopause in females [ 7 ,  37 – 49 ,  90 ,  127 – 129 ]. All are 
associated with impaired intrauterine growth [ 37 – 49 ,  90 ]. Impaired intrauterine 
growth in males increases the risk of congenital hypospadias, cryptorchidism and 
reduced gonadal function, along with smaller testicular volumes and decreased 
testosterone levels after puberty, and, increased serum follicle-stimulating hormone 
(FSH) levels in infancy [ 37 – 40 ,  90 ]. Impaired intrauterine growth in females is 
associated with increased risks of higher FSH/AMH secretion, premature adrenarche, 
early puberty, PCOS [ 41 – 44 ]. In adolescent girls born SGA, anomalies included 
poor ovarian response to FSH, subclinical hyperandrogenism (adrenal or ovarian 
origin), reduced ovulation rates, and, reduced uterine and ovarian sizes [ 45 – 49 ]. All 
of these anomalies may contribute to subfertility in either sex. 
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 Infertility also occurs secondary to diabetes, cardiovascular disease, cancers, 
obesity and some other adult-onset diseases [ 36 ,  57 – 59 ,  132 ,  133 ,  136 – 138 ]. For 
example, obesity is associated with anovulation, and, negatively affects the outcomes 
of ovarian stimulation and in vitro fertilization [ 36 ,  136 ,  138 ]. Obesity may affect 
reproduction and impair ovarian response through fat cell metabolism, steroids and 
secretion of proteins, such as leptin and adiponectin. It may also affect pancreatic 
secretion of insulin, androgen synthesis by the ovary and sex hormone- binding 
globulin (SHBG) production from the liver [ 36 ,  136 ,  138 ]. 

 One of the major factors proposed to explain embryo-fetal development diseases 
is maternal malnutrition [ 7 ,  20 – 22 ,  36 – 55 ,  77 ,  78 ,  80 – 90 ,  130 ,  131 ]. There is no 
doubt that in developing countries, maternal diet can affect birth weight, and may be 
extremely important in mediating adult disease. Such effects may also be mediated, 
or indeed amplifi ed, by adverse environmental conditions persisting across a number 
of generations [ 88 ,  89 ]. 

 At the present time, there is no convincing direct epidemiological data to suggest 
a role for alterations in maternal nutrition as a developmental factor in reproductive 
dysfunction and infertility [ 139 ]. Also, in young adults from the general population, 
fertility is not reduced in those born SGA, compared to those born as appropriate-
for- gestational age (AGA) [ 140 ]. In a case-control study on ovarian reserve in young 
women with low birth weight and normal puberty, researchers did not found a 
signifi cant difference between young women born SGA and AGA in follicular 
phase LH, FSH, E2 and AMH levels. They did not found a signifi cant difference in 
the response to endogenous GnRH either. They concluded that it seems unlikely that 
limited ovarian reserve is a signifi cant problem in adolescent SGA [ 141 ]. 

 Yet, there are some cohort investigations and experiment studies that provide 
indirect data in humans implying roles for maternal malnutrition as an embryo-fetal 
developmental factor in reproductive dysfunction and, possibly, infertility. Infants 
born SGA demonstrated a hypersecretion of FSH in both boys and girls, and an 
increase in AMH and GnRH agonist-stimulated estradiol serum concentrations in 
girls [ 41 ,  42 ]. A lighter and longer girl at birth will have an earlier menarche [ 50 – 54 ]. 
Women who were born as relatively fat babies do not exhibit normal ovarian 
suppression in response to physical activity at adulthood. That means fetal pro-
gramming of reproductive function may result in a developmentally adaptive shift 
in ovarian response. This adaptive shift in ovarian response may be a subfertility 
state originating from maternal malnutrition [ 55 ]. 

 Chemotherapy, radiotherapy and assisted reproductive technique may also cause 
relevant abnormalities in fertility of their offspring through the alteration of genetic 
and epigenetic modifi cations [ 57 – 63 ,  72 ,  76 ,  92 ,  100 ]. 

 Gonadal dysfunction occurs after treatment with alkylating agents or pelvic 
radiotherapy [ 69 – 72 ]. Improved survival rates for childhood and young adult 
cancer patients, mean that the side-effects of chemo/radiotherapy, like infertility 
and other gonadal dysfunction, are increasingly recognized [ 57 – 72 ]. Furthermore, 
treatment of certain precancerous and benign conditions, such as myelodysplasia 
and systemic lupus erythematosus, may necessitate administration of high-dose 
chemotherapeutic agents [ 142 ,  143 ]. Thus, it is necessary to consider the risk of 
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infertility as a side-effect of these treatments based on the origin of embryo-fetal 
development [ 57 – 72 ]. 

 Infertility usually presents as a long-term consequence of combination chemo-
therapy and radiotherapy not only in the individual exposed, but also in subsequent 
progeny [ 57 – 72 ]. This is, in large part, because of the exquisite sensitivity of germ 
cells to injury by cytotoxic drugs and radiation therapy. It is estimated that, among 
the population receiving gonadotoxic cancer treatments, approximately 10–30 % 
patients suffer permanent infertility – that is more frequent in males [ 57 – 72 ]. 
Resulting testicular damage can affect rapidly dividing cells during spermatogenesis, 
and, the functions of testis somatic cells, including the Sertoli cells’ function of 
nurturing germ cell development, or, Leydig cells’ function of testosterone pro-
duction. Germ cells that produce spermatozoa are more sensitive to chemotherapy 
and radiation than Leydig cells that generate testosterone [ 144 ]. Adverse effects 
are associated with depletion of the proliferating germ-cell pool by killing cells at 
the stage of differentiating spermatogonia [ 145 ]. Additionally, those stem spermato-
gonia that do survive fail to differentiate any further [ 146 ]. Thus, a common late 
effect of cancer therapy for male patients is infertility rather than impaired sexual 
function [ 61 ]. In female patients, chemotherapy and radiation treatment destroy 
ovarian follicles and predispose treated females to premature ovarian failure [ 58 – 71 ]. 
Chemo- and radiotherapy cause dose-dependent, oocyte depletion, ovarian fi brosis 
and blood-vessel damage leading to premature menopause, or, even, acute ovarian 
failure [ 58 – 71 ]. 

 Epidemiological data have indicated that children conceived through IVF have a 
greater relative risk of birth defects, genetic abnormalities and imprinting disorders, 
including the higher risk of infertility [ 7 ,  73 – 76 ,  94 – 111 ]. 

 Iatrogenic risks of infertility of IVF offspring may refl ect not only ART, but also 
factors associated with subfertility in their parents, such as a microdeletion of Yq 
chromosome, an imprinting error in a defective/defi cient sperm or obesity [ 7 ,  15 , 
 73 – 75 ,  98 – 101 ,  134 ,  147 – 149 ]. It is the ability of ART to bypass nature's protective 
mechanisms that makes the risk of infertility particularly signifi cant. The resulting 
offspring conceived with ART may transmit heritable traits associated with infertility 
[ 7 ,  15 ,  73 – 75 ,  98 – 101 ,  134 ,  147 – 149 ]. 

 Sons conceived by ART inherit similar deletions in the azoospermia factor region 
of the Y chromosome as their fathers [ 73 ]. Infant boys conceived by ICSI demon-
strate reduced serum testosterone levels, implying possible inheritance of impaired 
Leydig cell function from their fathers [ 74 ]. The same paternal origin of DNA 
methylation errors at imprinted loci were found in 7 out of 17 offspring born by 
ART [ 75 ]. All of these directly inherited from infertile parents through ART are the 
high risks of embryo-fetal development origin of infertility. 

 Oocytes from ovarian stimulation with gonadotrophins have different global 
gene expression, including DNA methylation and some imprinting expression 
compared to normal M II oocytes [ 150 ]. So was the global gene expression of 
oocytes matured in vitro compared with oocytes matured in vivo [ 151 ,  152 ]. In vitro 
conception is associated with lower genomic methylation in placenta and higher 
genomic methylation in cord blood [ 153 ,  154 ] . These IVF-associated DNA 
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methylation differences, including those in the differentially methylated regions 
(DMRs) of imprinting gene loci such as IGF2, H19, IGF2R, KvDMR1, etc., are 
associated with differences in gene expression at both imprinted and non-imprinted 
genes [ 153 – 156 ]. Similar reports also include animal [ 15 ,  93 ,  157 – 173 ] and human 
studies [ 15 ,  74 – 76 ,  106 – 111 ,  174 – 179 ]. In mice, superovulation alters methylation 
patterns of imprinted genes in sperm of offspring [ 172 ]. In vitro culture of preim-
plantation embryos infl uenced the somatometric parameters of the resulting progeny, 
some of which were maintained across a generation [ 15 ,  93 ,  173 ]. 

 In humans, there are variations in the DNA sequence in the gene encoding 
DNMT3L, which is involved in DNA methylation. Defi ciency of this gene in mice 
is associated with oligospermia [ 75 ,  180 ]. ART may increase clinical mutation 
detection in male offspring [ 76 ]. In that study, the Yq genetic status of 37 babies 
conceived through ART and their fathers according to 13 Y-specifi c markers covering 
four subregions of azoospermia factors (AZF) were investigated. Another 60 babies 
conceived naturally and their fathers were recruited as controls. The investigators 
found a 10.8 % (4/37) incidence of de novo Y chromosome microdeletions in boys 
conceived through ICSI or IVF, including one complicated with hypospadias, 
and, none in boys conceived naturally. These observations indicate a higher risk of 
infertility in ART male offspring [ 181 ].  

9.4     Mechanisms of Infertility 

9.4.1     Epigenetics and Developmental Origins of Infertility 

 Epigenetics provides an interface between environment and the genome for environ-
mental epigenetic modifi cations in a more plastic molecular process (Fig.  9.1 ) [ 6 ,  7 , 
 182 – 190 ]. In developmental biology, the series of responses and consequences 
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  Fig. 9.1    Integrated epigenetics and genetics in development and disease etiology       
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controlled by epigenetics may result from developmental plasticity, where one 
genotype can give rise to a range of different phenotypical states in response to a 
variety of environmental conditions [ 2 – 6 ]. The resulting responses and consequences 
may include rapid maturation, growth limitation, or abortion [ 2 – 6 ].

   If the germ line, egg or sperm, are affected during their critical development 
window, i.e. the period of embryonic gonadal development and germ-line differentia-
tion, environmentally-induced epigenetic modifi cations may become permanent 
in the germline epigenome, and, may potentially have an impact on subsequent 
generations by way of epigenetic transgenerational inheritance (Fig.  9.2 ) [ 2 – 13 , 
 15 – 19 ,  79 ,  127 ,  182 – 191 ].

   Through these epigenetic modifi cations, DNA methylation in germ lines is 
altered like an imprint, and, the transcriptome in somatic cells, including the cells of 
testis or ovary, is altered as well. The resulting diseases may include adult-onset 
diseases, including male or female infertility, both within individuals and across 
generations (Fig.  9.2 ) [ 2 – 13 ,  15 – 19 ,  79 ,  127 ,  182 – 191 ]. 

 The most sensitive phase for epigenetic modifi cation is the period of intrauterine 
gametogenesis and embryo-fetal development. The dynamic state of the genome in 
the periconceptional and perinatal periods make it susceptible for adverse effects 
through epigenetic modifi cation whose end result may be infertility [ 2 – 55 ,  77 – 79 , 
 84 ,  88 – 90 ,  125 – 129 ,  182 – 191 ]. 

 PCOS is one of the most common endocrine disorders in women of reproductive 
age. Patients with PCOS often present anovulation and infertility. Although the 
etiology of PCOS remains uncertain, its developmental origins are now well- 
recognized [ 19 ,  23 – 35 ,  125 – 129 ]. Exposure of a female fetus to hyperandrogenism 
in utero may result in PCOS phenotype after birth, so, PCOS may be one example 
of infertility originating from embryo-fetal development [ 23 – 35 ]. Based on these 
epigenetic modifi cations, some have described them as “epigenetic abnormalities 
underlying the fetal origin of PCOS” to attempt to explain the mechanisms of PCOS, 
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including infertility [ 125 – 129 ]. The hypothesis states that in utero, hyperandrogenism 
may disturb the epigenetic re-programming in fetal reproductive tissue, resulting 
in postnatal PCOS phenotypes in women of reproductive age. Meanwhile, the 
incomplete erasure of such epigenetic abnormality in germ cells after fertilization 
may promote transgenerational inherence of PCOS.  

9.4.2     Epigenetic Transgenerational Inheritance 

 Epigenetic transgenerational inheritance is defi ned as a transmission of a modifi ed 
epigenome, from one generation to the next [ 6 ,  7 ,  182 – 190 ]. This effect may span 
several generations in “epigenetic multi-generational inheritance”. The two types of 
transmission of the epigenome are often integrated [ 6 ,  7 ,  182 – 190 ]. 

 Epigenetic transgenerational modifi cation will require some involvement of germ 
line for transmission of epigenetic information across generations. The characteristics 
of unequivocal transgenerational transmission of an adult-onset disease phenotype 
(for example, infertility) through the germ-line make it necessary to assess an 
epigenetic transgenerational modifi cation through the F3 generation for a F1 
generation’s embryonic exposure, or though the F2 generation for a F1 generation’s 
postnatal exposure [ 6 ,  7 ,  182 – 190 ]. 

 Owing to the general involvement of reprogramming of germ-line epigenome 
and the ability of environmental factors (e.g. endocrine disruptors) to promote this 
reprogramming, the way of epigenetic transgenerational modifi cation is the main 
one responsible to the environmentally induced reproductive toxicology, including 
developmental origins of infertility [ 6 ,  7 ,  182 – 191 ].  

9.4.3     Malnutrition-Induced Epigenetic Mechanism 

 Embryonic nutrition is vital for survival and development [ 36 ]. Embryos benefi t 
not only from adequate access to nutritional substrates, but also from proper pro-
gramming, including epigenetic regulation [ 190 ]. Nutritional changes affects 
longevity of subsequent generations in a human investigation [ 88 ]. Maternal methyl 
supplementation affects DNA methylation and gene expression of offspring, and 
prevents transgenerational amplifi cation of some phenotypes in mice [ 86 ,  192 ,  193 ]. 
All of these data indicate a risk of development origins of infertility and possibly 
through a malnutrition-induced epigenetic mechanism [ 7 ,  85 – 87 ,  93 ,  194 ]. 

 Reduced amounts of methyl donors in maternal food, such as folates, affect the 
enzymatic activity of DNMT (an enzyme related to methylation) and are associated 
with genomic hypomethylation and genomic instability [ 195 ,  196 ]. Post-weaning 
diet affects genomic imprinting at the insulin-like growth factor 2 (Igf2) locus and 
may increase risks of developing disease [ 197 ]. 

 Poor fetal nutrition is thought to produce adaptive changes in human developmental 
trajectories. Differences in nutritional status at birth are associated with adaptive 
differences in the sensitivity of adult ovarian function to energetic stress [ 55 ]. 
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 It has been supposed that fetal programming of reproductive function may result 
in a developmental transgenerational effects or predisposition in a space-time- 
dependent manner, such that women who were gestated under malnutrition would 
show infertility in adulthood [ 7 ,  85 – 87 ,  93 ]. The involved transgenerational 
responses in humans may be by way of sex-specifi city and mediated by the sex 
chromosomes, X and Y [ 87 ].  

9.4.4     Chemotherapy-Induced Epigenetic Mechanism 

 Chemotherapy-induced infertility is a manifestation of drug toxicity [ 58 ,  61 – 63 , 
 198 – 202 ]. Drug-induced epigenetic regulation operate through a combination of 
chromatin remodeling, DNA methylation, histone acetylation as well as nucleosomal 
subunit exchange, such that reproduction-related genes are activated or repressed, 
leading to the infertility [ 61 – 63 ,  198 – 200 ]. 

 Alterations in the epigenome may involve direct or indirect mechanisms. The direct 
effects may be demonstrated by direct alterations of chromatin architecture or 
DNA methylation. The indirect effects may occur in two-tier stages: a stage of 
acute exposure and a stage of chronic exposure. The acute exposure to chemo-
therapy may alter signaling pathways, leading to alterations of transcription factor 
activity at reproduction-related gene promoters, and, related reproductive toxicology. 
Chronic exposure to chemotherapy promotes a cellular adaptation to a drug’s 
modifi cations of the epigenome, leading to possible endurance to the alteration of a 
given epigenetic state, possible persistence of adverse epigenetic state after the drug 
is discontinued, and, a possible multigenerational or transgenerational involvement 
[ 58 ,  61 – 63 ,  198 – 202 ]. 

 High turnover of germ cells (oocyte and sperm) makes the gonads more vulnerable 
to the cytotoxic effects of chemo- or radiotherapy. Permanent alteration in the germ 
cell epigenome and a resulted epigenetic transgenerational process may be particu-
larly signifi cant in this context [ 2 – 6 ,  19 ,  182 – 190 ,  198 ,  199 ].  

9.4.5     ART-Induced Epigenetic Mechanisms 

 Epigenetic modifi cation of fertility-related gene expression, mainly in the form of 
alteration of methylation pattern, is an attractive hypothesis that may account for the 
onset of ART-induced infertility [ 7 ,  101 ,  157 ,  190 ]. 

 ART may affect gametogenesis and development of the preimplantation embryo. 
These periods are also the critical periods for epigenetic modifi cation in mammals, 
in which paternal and maternal imprints are established, and, the majority of male 
and female germ line–derived methylation patterns are erased, followed by de novo 
remethylation of the genome into somatic patterns [ 190 ,  203 ]. Because ART deals 
mainly with gametes and early embryos, not with primordial germ cells, it is less 
likely that ART affect the erasure of imprinting marks but are more likely to alter 
their establishment or maintenance [ 7 ]. 

X.-M. Zhu et al.



183

 Owing to the vulnerability of germline (both sperm and oocyte) and preimplan-
tational embryos to adverse environmental factors, a cellular stress or a complex 
stimulus may infl uence the relative epigenetic modifi cation of these key periods and 
result in some modifi cation alterations different from those that naturally occur [ 76 , 
 93 ,  153 – 156 ,  174 – 177 ]. 

 ART-induced, epigenetic modifi cation alterations during gametogenesis and early 
embryonic development may result in skewing of the phenotype, and, contribute to 
long-term health consequences [ 7 ,  15 ,  73 – 76 ,  93 – 111 ,  119 ,  134 ,  150 – 179 ,  190 , 
 204 ], and, further, in a transgenerational way [ 7 ,  160 ,  172 ,  173 ,  185 ,  205 ]. 

 ART may induce widespread epigenetic alterations in gametes and ART- conceived 
offspring [ 76 ,  150 – 157 ,  174 – 177 ]. These alterations may increase the risk of adverse 
pathophysiology later in life, including infertility and some other adult onset diseases 
that may cause infertility, including type 2 diabetes, obesity and cardiovascular 
diseases [ 7 ,  15 ,  73 – 76 ,  93 – 111 ,  119 ,  134 ,  150 – 179 ,  190 ,  204 ]. Although there is no 
direct evidence of the transgenerational effects of ART, these concerns persist 
because transgenerational imprinting effects of ART have been observed in animal 
studies [ 7 ,  15 ,  134 ,  157 ,  160 ,  172 ,  173 ].   

9.5     Prevention and Treatment of Embryo-Fetus-Originated 
Infertility 

 As aforementioned, embryo-fetus-originated infertility may be resulted from the 
negative exposure to peri-conception factors (e.g. ART and the related infertile 
pathophysiology), prenatal factors (e.g. malnutrition) or even pre-conception factors 
(e.g. chemo/radiotherapy during their childhood). So, the prevention and treatment 
of embryo-fetus-originated infertility should be done during all the periods involved 
and for all the factors involved [ 206 ]. 

9.5.1     Pre-conception Prevention and Treatment 

 Practically, pre-conception preventions and treatments of embryo-fetus- originated 
infertility are issues of parent’s healthy lifestyle and behaviors from their own 
conception until ahead of their offspring’s conception. If infertility is in a transgen-
erational way, the pre-conception prevention and treatment should be done as early 
as up to the period of offspring’s grandparents [ 7 – 19 ,  79 ,  85 – 88 ,  160 ,  172 ,  173 , 
 183 – 191 ,  205 ]. 

 Adverse exposure of external environmental factors (e.g. endocrine disruptors, 
chemotherapy, radiotherapy, etc.) is the fi rst for parents or grandparents to be 
prevented ahead of their offspring’s conception for the purpose of pre-conception 
preventions and treatments of embryo-fetus- originated infertility [ 207 ,  208 ]. If chemo-
therapy or radiotherapy is mandatory for patients previous to or during their 
reproductive lifespan, fertility preservation and parenthood should be considered 
and planned as an essential component of treatment [ 57 – 72 ,  200 ,  201 ,  207 – 213 ]. 
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For example, prior to radiotherapy, through ovarian transposition operation, ovarian 
function can be preserved. In patients requiring chemotherapy, ovarian suppression and 
cryopreservation of gametes, embryo or gonad tissue can be used before treatment 
to preserve or restore fertility in later life [ 61 ,  200 ,  201 ,  207 ,  208 ,  214 – 220 ]. 

 Adverse exposure of internal environments (e.g. the maternal pathophysiology 
of endometriosis, PCOS or obesity) is another one that is needed for parents or 
grandparents to be treated ahead of their offspring’s conception. Documents have 
shown that maternal endometriosis, PCOS and obesity affect gametogenesis and 
embryonic development [ 36 ,  120 ,  136 ,  138 ,  221 ,  222 ]; these adverse impacts are all 
high risk factors of embryo-fetus- originated infertility. Pre-conception pre- treatments 
and ameliorations of maternal ill status, with surgery and/or medical therapy, would 
be benefi cial to preventions of embryo-fetus- originated infertility [ 36 ,  120 ,  122 , 
 138 ,  222 ].  

9.5.2     Peri-conception Prevention and Treatment 

 Generally, peri-conception is defi ned as the period from 3 months ahead of conception 
to the time of embryo period at 2 weeks post fertilization. Both peri-conception and 
early pregnancy (the 1st trimester of pregnancy) are critical periods susceptible to 
adverse infl uences [ 2 – 55 ,  77 – 79 ,  84 ,  88 – 90 ,  125 – 129 ,  182 – 191 ,  223 ]. 

 Nutrients that contribute to methyl-group one-carbon metabolism, such as folate, 
can signifi cantly infl uence growth and development through epigenetic modifi cation 
[ 189 ,  194 – 196 ,  224 – 230 ]. Folate defi ciency may affect female reproductive function 
through interrupting folliculogenesis, oocyte fertilization, embryonic implantation 
and fetal viability [ 231 ]. It has been demonstrated in prospective human studies 
that, high daily doses of supplementary folic acid (5 mg/day) in early pregnancy can 
be protective for preterm birth, low birth weight, small for gestational age neonates 
and benefi cial to child neurodevelopment at 18 months of age [ 227 ,  228 ]. In animal 
experiments, maternal methyl supplementation can affect epigenetic variation 
and DNA methylation of offspring, and prevent transgenerational effects of 
some phenotypes [ 86 ,  192 ,  193 ,  232 ,  233 ]. Therefore, maternal methyl supplemen-
tation (such as folic acid) during peri-conception and early pregnancy, may have 
positive effects in prevention and treatment of embryo-fetus- originated infertility 
[ 189 ,  194 ,  223 ]. 

 Embryo-fetus-originated infertility may be in the form of iatrogenic consequence 
induced by ART during peri-conception. The ART-induced iatrogenic infertility may 
be genetic infertile defects directly transmitted from infertile parents [ 7 ,  15 ,  73 – 75 , 
 98 – 101 ,  134 ,  147 – 149 ], or, a de novo infertile status during the process of ART 
[ 7 ,  73 – 76 ,  93 ,  101 ,  107 ,  147 ,  153 ,  154 ,  157 ,  174 ,  190 ]. As to the ART- transmitted 
genetic infertile defects, best prevention and treatment of embryo-fetus- originated 
infertility is conceived naturally. The indication of ART should be strictly selected. 
If ART was mandatory, preconception genetic screening and preimplantational genetic 
diagnosis (PGD) are recommended [ 234 ,  235 ]. For example, paternal microdeletions 
in the Y chromosome of an infertile couple could be used as a predictive marker of 
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infertility in male offspring, and a PGD technique could be used as a eugenic measure 
for selecting female offspring or genetically normal male offspring [ 147 ]. As to the 
ART-induced de novo infertility, the less in ART intervention, the better in preven-
tion and treatment. Therefore, natural or mild ART are preferred to [ 236 ].  

9.5.3     Gestational Prevention and Treatment 

 Gestational prevention and treatment of embryo-fetus- originated infertility are 
mainly designed to deal with possible causes that may result in developmental 
adult diseases during gestation. Nutritional imbalance and adverse exposure of 
environmental factors (including endocrine disruptors, drugs. infections and other 
types of stresses) are the major causes that should be prevented and treated during 
gestation [ 7 ,  20 – 56 ,  77 – 91 ,  112 – 118 ,  130 ,  131 ,  237 ,  238 ]. Measures to improve 
nutrition and reduce environmental chemical exposures, from all environmental 
compartments (air, water, soil) and in food and consumer products, are likely to have 
positive effects in gestational prevention and treatment of embryo-fetus- originated 
infertility [ 206 ].  

9.5.4     Postnatal Prevention and Treatment 

 Postnatal prevention and treatment of embryo-fetus- originated infertility are mainly 
based the accumulated evidence that developmental adult diseases may be resulted 
as well from postnatal adverse factors, such as malnutrition [ 36 ,  86 – 88 ,  192 ,  193 , 
 197 ,  206 ,  223 ]. The postnatal prevention and treatment are also based the accruing 
evidence that lifestyle interventions in endocrine or nutrition during early postnatal 
life can reverse or ameliorate adverse changes in epigenetics and phenotype induced 
during pregnancy [ 28 ,  36 ,  86 – 88 ,  192 ,  193 ,  223 ,  239 ]. Developmental plasticity in 
epigenetic mechanisms provides opportunities of postnatal prevention and treatment 
of embryo-fetus- originated infertility [ 206 ,  223 ,  240 ]. Relevant testing progresses 
in developmental safety make susceptibility assessment and disease diagnosis of 
embryo-fetus-origin possible and feasible in the near future [ 199 ,  234 ,  241 ,  242 ]. 
Relevant gene therapies can be used as well for those diseases whose etiology in 
genetics and epigenetics has been identifi es. Postnatal prevention and treatment 
have now been considered as rescuing measures or new strategies to reduce risks of 
development-originated diseases, including infertility [ 206 ,  223 ,  240 ].   

9.6     Conclusions 

 Contemporary orthodox views believe that infertility results from adult pathology 
together with contributions from genetic inheritance. The hypothesis that infertility 
originates, in part, from embryo-fetal development offers us a new framework for 
some aspects of the condition. Direct evidence for epigenetics in infertility is 
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limited though indirect evidence, in both humans and animals, are accumulating to 
implicate these processes in infertility [ 2 – 7 ]. 

 Nutritional imbalance and adverse exposure of environmental factors have the 
capacity to alter the epigenome of gametes and embryos though we are still some 
distance from understanding their precise effects in infertility, and, their possible 
transgenerational transmission [ 3 – 6 ,  182 – 187 ,  189 ,  190 ,  206 ,  240 ]. 

 Despite advances in prevention and treatment of embryo-fetal originated infertility, 
many questions remain unanswered. Further research is urgently needed to develop 
evidence-based measures to reduce the embryo-fetal originated consequence [ 206 ].     

   References 

   1.    Hwang K, Yatsenko AN, Jorgez CJ, et al. Mendelian genetics of male infertility. Ann N Y 
Acad Sci. 2010;1214:E1–17.  

           2.    Hardy DB. The developmental origins of health and disease: today’s perspectives and 
tomorrow’s challenges. PREFACE. Semin Reprod Med. 2011;29:171–2.  

    3.    Nicoletto SF, Rinaldi A. In the womb’s shadow the theory of prenatal programming as the 
fetal origin of various adult diseases is increasingly supported by a wealth of evidence. 
EMBO Rep. 2011;12:30–4.  

   4.    Barker DJP. The origins of the developmental origins theory. J Intern Med. 2007;261:412–17.  
   5.    Langley-Evans SC, McMullen S. Developmental origins of adult disease. Med Princ Pract. 

2010;19:87–98.  
            6.    Motrenko T. Embryo-fetal origin of diseases – new approach on epigenetic reprogramming. 

Arch Perinat Med. 2010;16:11–5.  
                             7.    Diaz-Garcia C, Estella C, Perales-Puchalt A, et al. Reproductive medicine and inheritance of 

infertility by offspring: the role of fetal programming. Fertil Steril. 2011;96:536–45.  
      8.    Guerrero-Bosagna CM, Skinner MK. Epigenetic transgenerational effects of endocrine 

disruptors on male reproduction. Semin Reprod Med. 2009;27:403–8.  
   9.    Anway MD, Cupp AS, Uzumcu M, et al. Epigenetic transgenerational actions of endocrine 

disruptors and mate fertility. Science. 2005;308:1466–9.  
   10.    Anway MD, Leathers C, Skinner MK. Endocrine disruptor vinclozolin induced epigenetic 

transgenerational adult-onset disease. Endocrinology. 2006;147:5515–23.  
   11.    Guerrero-Bosagna C, Settles M, Lucker B, et al. Epigenetic transgenerational actions of 

vinclozolin on promoter regions of the sperm epigenome. PLoS ONE. 2010;5(9):e13100.  
   12.    Manikkam M, Tracey R, Guerrero-Bosagna C, et al. Dioxin (TCDD) induces epigenetic 

transgenerational inheritance of adult onset disease and sperm epimutations. PLoS ONE. 
2012;7(9):e46249.  

     13.    Anway MD, Memon MA, Uzumcu M, et al. Transgenerational effect of the endocrine 
disruptor vinclozolin on male spermatogenesis. J Androl. 2006;27:868–79.  

   14.    Salian S, Doshi T, Vanage G. Impairment in protein expression profi le of testicular steroid 
receptor coregulators in male rat offspring perinatally exposed to Bisphenol A. Life Sci. 
2009;85:11–8.  

                15.    Price TM, Murphy SK, Younglai EV. Perspectives: the possible infl uence of assisted 
reproductive technologies on transgenerational reproductive effects of environmental endo-
crine disruptors. Toxicol Sci. 2007;96:218–26.  

    16.    Bruner-Tran KL, Osteen KG. Developmental exposure to TCDD reduces fertility and negatively 
affects pregnancy outcomes across multiple generations. Reprod Toxicol. 2011;31:344–50.  

   17.    Manikkam M, Guerrero-Bosagna C, Tracey R, et al. Transgenerational actions of environmental 
compounds on reproductive disease and identifi cation of epigenetic biomarkers of ancestral 
exposures. PLoS ONE. 2012;7(2):e31901.  

X.-M. Zhu et al.



187

   18.    Nilsson EE, Anway MD, Stanfi eld J, et al. Transgenerational epigenetic effects of the 
endocrine disruptor vinclozolin on pregnancies and female adult onset disease. Reproduction. 
2008;135:713–21.  

          19.    Nilsson E, Larsen G, Manikkam M, et al. Environmentally induced epigenetic transgenera-
tional inheritance of ovarian disease. PLoS ONE. 2012;7(5):e36129.  

       20.    Amorim EMP, Damasceno DC, Perobelli JE, et al. Short- and long-term reproductive effects 
of prenatal and lactational growth restriction caused by maternal diabetes in male rats. Reprod 
Biol Endocrinol. 2011;9:154.  

     21.    Guzman C, Cabrera R, Cardenas M, et al. Protein restriction during fetal and neonatal 
development in the rat alters reproductive function and accelerates reproductive ageing in 
female progeny. J Physiol. 2006;572:97–108.  

       22.    Toledo FC, Perobelli JE, Pedrosa FPC, et al. In utero protein restriction causes growth delay 
and alters sperm parameters in adult male rats. Reprod Biol Endocrinol. 2011;9:94.  

        23.    Padmanabhan V, Smith P, Veiga-Lopez A. Developmental programming: impact of prenatal 
testosterone treatment and postnatal obesity on ovarian follicular dynamics. J Dev Orig 
Health Dis. 2012;3:276–86.  

   24.    Steckler T, Wang JR, Bartol FF, et al. Fetal programming: prenatal testosterone treatment 
causes intrauterine growth retardation, reduces ovarian reserve and increases ovarian follicular 
recruitment. Endocrinology. 2005;146:3185–93.  

   25.    Birch RA, Padmanabhan V, Foster DL, et al. Prenatal programming of reproductive neuro-
endocrine function: fetal androgen exposure produces progressive disruption of reproductive 
cycles in sheep. Endocrinology. 2003;144:1426–34.  

   26.    Forsdike RA, Hardy K, Bull L, et al. Disordered follicle development in ovaries of prenatally 
androgenized ewes. J Endocrinol. 2007;192:421–8.  

     27.    Veiga-Lopez A, Steckler TL, Abbott DH, et al. Developmental programming: impact of 
excess prenatal testosterone on intrauterine fetal endocrine milieu and growth in sheep. Biol 
Reprod. 2011;84:87–96.  

     28.    Abbott DH, Tarantal AF, Dumesic DA. Fetal, infant, adolescent and adult phenotypes of 
polycystic ovary syndrome in prenatally androgenized female rhesus monkeys. Am J Primatol. 
2009;71:776–84.  

    29.    Padmanabhan V, Veiga-Lopez A. Developmental origin of reproductive and metabolic 
dysfunctions: androgenic versus estrogenic reprogramming. Semin Reprod Med. 2011;29:
173–86.  

   30.    Luense LJ, Veiga-Lopez A, Padmanabhan V, et al. Developmental programming: gestational 
testosterone treatment alters fetal ovarian gene expression. Endocrinology. 2011;152:4974–83.  

    31.    Abbott DH, Padmanabhan V, Dumesic DA. Contributions of androgen and estrogen to fetal 
programming of ovarian dysfunction. Reprod Biol Endocrinol. 2006;4:17.  

    32.    Veiga-Lopez A, Ye W, Padmanabhan V. Developmental programming: prenatal testosterone 
excess disrupts anti-Mullerian hormone expression in preantral and antral follicles. Fertil 
Steril. 2012;97:748–56.  

   33.    Franks S. Animal models and the developmental origins of polycystic ovary syndrome: 
increasing evidence for the role of androgens in programming reproductive and metabolic 
dysfunction. Endocrinology. 2012;153:2536–8.  

   34.    Tyndall V, Broyde M, Sharpe R, et al. Effect of androgen treatment during foetal and/or neo-
natal life on ovarian function in prepubertal and adult rats. Reproduction. 2012;143:21–33.  

        35.    Xita N, Tsatsoulis A. Review: Fetal programming of polycystic ovary syndrome by androgen 
excess: evidence from experimental, clinical, and genetic association studies. J Clin 
Endocrinol Metab. 2006;91:1660–6.  

             36.    Baird DT, Cnattingius S, Collins J, et al. Nutrition and reproduction in women. Hum Reprod 
Update. 2006;12:193–207.  

      37.    Gatti JM, Kirsch AJ, Troyer WA, et al. Increased incidence of hypospadias in small-for- 
gestational age infants in a neonatal intensive-care unit. BJU Int. 2001;87:548–50.  

   38.    Cicognani A, Alessandroni R, Pasini A, et al. Low birth weight for gestational age and sub-
sequent male gonadal function. J Pediatr. 2002;141:376–80.  

9 Gamete/Embryo-Fetal Origins of Infertility



188

   39.    Main KM, Jensen RB, Asklund C, et al. Low birth weight and male reproductive function. 
Horm Res. 2006;65:116–22.  

    40.    Fujimoto T, Suwa T, Kabe K, et al. Placental insuffi ciency in early gestation is associated, 
with hypospadias. J Pediatr Surg. 2008;43:358–61.  

     41.    Ibanez L, Valls C, Cols M, et al. Hypersecretion of FSH in infant boys and girls born small 
for gestational age. J Clin Endocrinol Metab. 2002;87:1986–8.  

    42.    Sir-Petermann T, Hitchsfeld C, Codner E, et al. Gonadal function in low birth weight infants: 
a pilot study. J Pediatr Endocrinol Metab. 2007;20:405–14.  

   43.    Ibanez L, Jaramillo A, Enriquez G, et al. Polycystic ovaries after precocious pubarche: relation 
to prenatal growth. Hum Reprod. 2007;22:395–400.  

    44.    van Weissenbruch MM. Premature adrenarche, polycystic ovary syndrome and intrauterine 
growth retardation: does a relationship exist? Curr Opin Endocrinol Diabetes Obes. 
2007;14:35–40.  

    45.    Ibanez L, Potau N, de Zegher F. Ovarian hyporesponsiveness to follicle stimulating hormone 
in adolescent girls born small for gestational age. J Clin Endocrinol Metab. 2000;85:2624–6.  

   46.    Ibanez L, Potau N, Enriquez G, et al. Reduced uterine and ovarian size in adolescent girls 
born small for gestational age. Pediatr Res. 2000;47:575–7.  

   47.    Ibanez L, Potau N, Ferrer A, et al. Anovulation in eumenorrheic, nonobese adolescent girls 
born small for gestational age: insulin sensitization induces ovulation, increases lean body 
mass, and reduces abdominal fat excess, dyslipidemia, and subclinical hyperandrogenism. 
J Clin Endocrinol Metab. 2002;87:5702–5.  

   48.    Ibanez L, Potau N, Ferrer A, et al. Reduced ovulation rate in adolescent girls born small for 
gestational age. J Clin Endocrinol Metab. 2002;87:3391–3.  

       49.    Ibanez L, Potau N, Enriquez G, et al. Hypergonadotrophinaemia with reduced uterine and 
ovarian size in women born small-for-gestational-age. Hum Reprod. 2003;18:1565–9.  

    50.    Adair LS. Size at birth predicts age at menarche. Pediatrics. 2001;107(4):E59.  
   51.    Koziel S, Jankowska EA. Effect of low versus normal birthweight on menarche in 14-year- old 

Polish girls. J Paediatr Child Health. 2002;38:268–71.  
   52.    Romundstad PR, Vatten LJ, Nilsen TIL, et al. Birth size in relation to age at menarche and 

adolescent body size: implications for breast cancer risk. Int J Cancer. 2003;105:400–3.  
   53.    Ibanez L, Jimenez R, de Zegher F. Early puberty-menarche after precocious pubarche: relation 

to prenatal growth. Pediatrics. 2006;117:117–21.  
    54.    Tam CS, de Zegher F, Garnett SP, et al. Opposing infl uences of prenatal and postnatal growth 

on the timing of menarche. J Clin Endocrinol Metab. 2006;91:4369–73.  
        55.    Jasienska G, Thune I, Ellison PT. Fatness at birth predicts adult susceptibility to ovarian sup-

pression: an empirical test of the Predictive Adaptive Response hypothesis. Proc Natl Acad 
Sci U S A. 2006;103:12759–62.  

    56.    Hoover RN, Hyer M, Pfeiffer RM, et al. Adverse health outcomes in women exposed in utero 
to diethylstilbestrol. N Engl J Med. 2011;365:1304–14.  

           57.    Green DM, Kawashima T, Stovall M, et al. Fertility of male survivors of childhood cancer: a 
report from the Childhood Cancer Survivor Study. J Clin Oncol. 2010;28:332–9.  

       58.    Wallace WHB. Oncofertility and preservation of reproductive capacity in children and young 
adults. Cancer. 2011;117:2301–10.  

    59.    Green DM, Kawashima T, Stovall M, et al. Fertility of female survivors of childhood cancer: 
a report from the Childhood Cancer Survivor Study. J Clin Oncol. 2009;27:2677–85.  

   60.    Green DM, Sklar CA, Boice JD, et al. Ovarian failure and reproductive outcomes after child-
hood cancer treatment: results from the Childhood Cancer Survivor Study. J Clin Oncol. 
2009;27:2374–81.  

        61.    Ginsberg JP. The effect of cancer therapy on fertility, the assessment of fertility and fertility 
preservation options for pediatric patients. Eur J Pediatr. 2011;170:703–8.  

   62.    Blumenfeld Z. Chemotherapy and fertility. Best Pract Res Clin Obstet Gynaecol. 2012;26:
379–90.  

        63.    Fleischer RT, Vollenhoven BJ, Weston GC. The effects of chemotherapy and radiotherapy on 
fertility in premenopausal women. Obstet Gynecol Surv. 2011;66:248–54.  

X.-M. Zhu et al.



189

   64.    Meirow D, Nugent D. The effects of radiotherapy and chemotherapy on female reproduction. 
Hum Reprod Update. 2001;7:535–43.  

   65.    Sklar CA, Mertens AC, Mitby P, et al. Premature menopause in survivors of childhood cancer: 
a report from the childhood cancer survivor study. J Natl Cancer Inst. 2006;98:890–6.  

   66.    Thomas-Teinturier C, El Fayech C, Oberlin O, et al. Age at menopause and its infl uencing 
factors in a cohort of survivors of childhood cancer: earlier but rarely premature. Hum 
Reprod. 2013;28:488–95.  

   67.    Gnaneswaran S, Deans R, Cohn RJ. Reproductive late effects in female survivors of childhood 
cancer. Obstet Gynecol Int. 2012;2012:564794.  

   68.    Hamre H, Kiserud CE, Ruud E, et al. Gonadal function and parenthood 20 years after treatment 
for childhood lymphoma: a cross-sectional study. Pediatr Blood Cancer. 2012;59:271–7.  

    69.    van Dorp W, van Beek RD, Laven JSE, et al. Long-term endocrine side effects of childhood 
Hodgkin’s lymphoma treatment: a review. Hum Reprod Update. 2012;18:12–28.  

   70.    Hudson MM. Reproductive outcomes for survivors of childhood cancer. Obstet Gynecol. 
2010;116:1171–83.  

     71.    Sudour H, Chastagner P, Claude L, et al. Fertility and pregnancy outcome after abdominal 
irradiation that included or excluded the pelvis in childhood tumor survivors. Int J Radiat 
Oncol Biol Phys. 2010;76:867–73.  

           72.    Rendtorff R, Hohmann C, Reinmuth S, et al. Hormone and sperm analyses after chemo- and 
radiotherapy in childhood and adolescence. Klin Padiatr. 2010;222:145–9.  

           73.    Kai CM, Juul A, McElreavey K, et al. Sons conceived by assisted reproduction techniques 
inherit deletions in the azoospermia factor (AZF) region of the Y chromosome and the DAZ 
gene copy number. Hum Reprod. 2008;23:1669–78.  

     74.    Kai CM, Main KM, Andersen AN, et al. Reduced serum testosterone levels in infant boys 
conceived by intracytoplasmic sperm injection. J Clin Endocrinol Metab. 2007;92:2598–603.  

        75.    Kobayashi H, Hiura H, John RM, et al. DNA methylation errors at imprinted loci after 
assisted conception originate in the parental sperm. Eur J Hum Genet. 2009;17:1582–91.  

              76.    Feng C, Wang LQ, Dong MY, et al. Assisted reproductive technology may increase clinical 
mutation detection in male offspring. Fertil Steril. 2008;90:92–6.  

         77.    Lumey LH, Stein AD, Ravelli AC. Timing of prenatal starvation in women and birth weight 
in their fi rst and second born offspring: the Dutch Famine Birth Cohort study. Eur J Obstet 
Gynecol Reprod Biol. 1995;61:23–30.  

     78.    Lumey LH, Stein AD, Ravelli ACJ. Timing of prenatal starvation in women and offspring 
birth weight: an update. Eur J Obstet Gynecol Reprod Biol. 1995;63:197.  

         79.    Ding GL, Wang FF, Shu J, et al. Transgenerational glucose intolerance with Igf2/H19 epigenetic 
alterations in mouse islet induced by intrauterine hyperglycemia. Diabetes. 2012;61:1133–42.  

    80.    Bygren LO, Edvinsson S, Brostrom G. Change in food availability during pregnancy: is 
it related to adult sudden death from cerebro- and cardiovascular disease in offspring? 
Am J Hum Biol. 2000;12:447–53.  

    81.    Kanaka-Gantenbein C. Fetal origins of adult diabetes. Ann N Y Acad Sci. 2010;1205:99–105.  
    82.    Dessi A, Ottonello G, Fanos V. Physiopathology of intrauterine growth retardation: from classic 

data to metabolomics. J Matern Fetal Neonatal Med. 2012;25:13–8.  
   83.    Yuan QX, Chen L, Liu CP, et al. Postnatal pancreatic islet beta cell function and insulin 

sensitivity at different stages of lifetime in rats born with intrauterine growth retardation. 
PLoS ONE. 2011;6(10):e25167.  

     84.    Chmurzynska A. Fetal programming: link between early nutrition, DNA methylation, and 
complex diseases. Nutr Rev. 2010;68:87–98.  

      85.    Aagaard-Tillery KM, Grove K, Bishop J, et al. Developmental origins of disease and deter-
minants of chromatin structure: maternal diet modifi es the primate fetal epigenome. J Mol 
Endocrinol. 2008;41:91–102.  

       86.    Waterland RA, Travisano M, Tahiliani KG, et al. Methyl donor supplementation prevents 
transgenerational amplifi cation of obesity. Int J Obes. 2008;32:1373–9.  

      87.    Pembrey ME, Bygren LO, Kaati G, et al. Sex-specifi c, male-line transgenerational responses 
in humans. Eur J Hum Genet. 2006;14:159–66.  

9 Gamete/Embryo-Fetal Origins of Infertility



190

          88.    Kaati G, Bygren LO, Pembrey M, et al. Transgenerational response to nutrition, early life 
circumstances and longevity. Eur J Hum Genet. 2007;15:784–90.  

    89.    Drake AJ, Walker BR. The intergenerational effects of fetal programming: non-genomic 
mechanisms for the inheritance of low birth weight and cardiovascular risk. J Endocrinol. 
2004;180:1–16.  

          90.    Hall JG. Review and hypothesis: syndromes with severe intrauterine growth restriction and very 
short stature – are they related to the epigenetic mechanism(s) of fetal survival involved in the 
developmental origins of adult health and disease? Am J Med Genet A. 2010;152A:512–27.  

    91.    French NP, Hagan R, Evans SF, et al. Repeated antenatal corticosteroids: effects on cerebral 
palsy and childhood behavior. Am J Obstet Gynecol. 2004;190:588–95.  

    92.    Martinez-Frias ML. The thalidomide experience: review of its effects 50 years later. Med 
Clin. 2012;139:25–32.  

           93.    Thompson JG, Mitchell M, Kind KL. Embryo culture and long-term consequences. Reprod 
Fertil Dev. 2007;19:43–52.  

    94.    Sakka SD, Malamitsi-Puchner A, Loutradis D, et al. Euthyroid hyperthyrotropinemia in 
children born after in vitro fertilization. J Clin Endocrinol Metab. 2009;94:1338–41.  

   95.    Sakka SD, Loutradis D, Kanaka-Gantenbein C, et al. Absence of insulin resistance and 
low- grade infl ammation despite early metabolic syndrome manifestations in children born 
after in vitro fertilization. Fertil Steril. 2010;94:1693–9.  

   96.    Ceelen M, van Weissenbruch MM, Roos JC, et al. Body composition in children and adoles-
cents born after in vitro fertilization or spontaneous conception. J Clin Endocrinol Metab. 
2007;92:3417–23.  

   97.    Ceelen M, van Weissenbruch MM, Vermeiden JPW, et al. Cardiometabolic differences in 
children born after in vitro fertilization: follow-up study. J Clin Endocrinol Metab. 2008;93:
1682–8.  

      98.    Bukulmez O. Does assisted reproductive technology cause birth defects? Curr Opin Obstet 
Gynecol. 2009;21:260–4.  

   99.    Farhi J, Fisch B. Risk of major congenital malformations associated with infertility and its 
treatment by extent of iatrogenic intervention. Pediatr Endocrinol Rev. 2007;4:352–7.  

     100.    Davies MJ, Moore VM, Willson KJ, et al. Reproductive technologies and the risk of birth 
defects. N Engl J Med. 2012;366:1803–13.  

         101.    Grace KS, Sinclair KD. Assisted reproductive technology, epigenetics, and long-term health: 
a developmental time bomb still ticking. Semin Reprod Med. 2009;27:409–16.  

   102.    Hansen M, Bower C, Milne E, et al. Assisted reproductive technologies and the risk of birth 
defects – a systematic review. Hum Reprod. 2005;20:328–38.  

   103.    Halliday JL, Ukoumunne OC, Baker HWG, et al. Increased risk of blastogenesis birth 
defects, arising in the fi rst 4 weeks of pregnancy, after assisted reproductive technologies. 
Hum Reprod. 2010;25:59–65.  

   104.    Schieve LA, Rasmussen SA, Reefhuis J. Risk of birth defects among children conceived with 
assisted reproductive technology: providing an epidemiologic context to the data. Fertil 
Steril. 2005;84:1320–4.  

   105.    Kanaka-Gantenbein C, Sakka S, Chrousos GP. Assisted reproduction and its neuroendocrine 
impact on the offspring. Prog Brain Res. 2010;182:161–74.  

    106.    Odom LN, Segars J. Imprinting disorders and assisted reproductive technology. Curr Opin 
Endocrinol Diabetes Obes. 2010;17:517–22.  

    107.    Manipalviratn S, DeCherney A, Segars J. Imprinting disorders and assisted reproductive 
technology. Fertil Steril. 2009;91:305–15.  

   108.    Bowdin S, Allen C, Kirby G, et al. A survey of assisted reproductive technology births and 
imprinting disorders. Hum Reprod. 2007;22:3237–40.  

   109.    Gosden R, Trasler J, Lucifero D, et al. Rare congenital disorders, imprinted genes, and 
assisted reproductive technology. Lancet. 2003;361:1975–7.  

   110.    Yoon G, Beischel LS, Johnson JP, et al. Dizygotic twin pregnancy conceived with assisted 
reproductive technology associated with chromosomal anomaly, imprinting disorder, and 
monochorionic placentation. J Pediatr. 2005;146:565–7.  

X.-M. Zhu et al.



191

       111.    Halliday J, Oke K, Breheny S, et al. Beckwith-Wiedemann syndrome and IVF: a case–control 
study. Am J Hum Genet. 2004;75:526–8.  

    112.    Xn D, Wu Y, Liu F, et al. A hypothalamic-pituitary-adrenal axis-associated neuroendocrine 
metabolic programmed alteration in offspring rats of IUGR induced by prenatal caffeine 
ingestion. Toxicol Appl Pharmacol. 2012;264:395–403.  

   113.    Rueda-Clausen CF, Morton JS, Lopaschuk GD, et al. Long-term effects of intrauterine 
growth restriction on cardiac metabolism and susceptibility to ischaemia/reperfusion. 
Cardiovasc Res. 2011;90:285–94.  

   114.    Rueda-Clausen CF, Morton JS, Davidge ST. The early origins of cardiovascular health and 
disease: who, when, and how. Semin Reprod Med. 2011;29:197–210.  

   115.    Rueda-Clausen CF, Morton JS, Oudit GY, et al. Effects of hypoxia-induced intrauterine 
growth restriction on cardiac siderosis and oxidative stress. J Dev Orig Health Dis. 
2012;3:350–7.  

   116.    Rueda-Clausen CF, Dolinsky VW, Morton JS, et al. Hypoxia-induced intrauterine growth 
restriction increases the susceptibility of rats to high-fat diet-induced metabolic syndrome. 
Diabetes. 2011;60:507–16.  

   117.    Rueda-Clausen CF, Morton JS, Davidge ST. Effects of hypoxia-induced intrauterine growth 
restriction on cardiopulmonary structure and function during adulthood. Cardiovasc Res. 
2009;81:713–22.  

    118.    Wojtyla A, Kapka-Skrzypczak L, Diatczyk J, et al. Alcohol-related developmental origin of 
adult health – population studies in Poland among mothers and newborns (2010–2012). Ann 
Agric Environ Med. 2012;19:365–77.  

      119.    Mestan KK, Steinhorn RH. Fetal origins of neonatal lung disease: understanding the patho-
genesis of bronchopulmonary dysplasia. Am J Physiol Lung Cell Mol Physiol. 2011;301:
L858–9.  

      120.    Fauser B, Tarlatzis BC, Rebar RW, et al. Consensus on women’s health aspects of polycystic 
ovary syndrome (PCOS): the Amsterdam ESHRE/ASRM-Sponsored 3rd PCOS Consensus 
Workshop Group. Fertil Steril. 2012;97:28-U84.  

   121.    Baird DT, Balen A, Escobar-Morreale HF, et al. Health and fertility in World Health 
Organization group 2 anovulatory women. Hum Reprod Update. 2012;18:586–99.  

     122.    Group TEA-SPCW. Consensus on infertility treatment related to polycystic ovary syndrome. 
Fertil Steril. 2008;89:505–22.  

    123.    Jin M, Yu YQ, Huang HF. An update on primary ovarian insuffi ciency. Sci China Life Sci. 
2012;55:677–86.  

    124.    Welt CK. Primary ovarian insuffi ciency: a more accurate term for premature ovarian failure. 
Clin Endocrinol. 2008;68:499–509.  

        125.    Xu N, Kwon S, Abbott DH, et al. Epigenetic mechanism underlying the development of 
polycystic ovary syndrome (PCOS)-like phenotypes in prenatally androgenized rhesus 
monkeys. PLoS ONE. 2011;6(11):e27286.  

   126.    Dumesic DA, Abbott DH, Padmanabhan V. Polycystic ovary syndrome and its developmental 
origins. Rev Endocr Metab Disord. 2007;8:127–41.  

      127.    Li ZX, Huang HF. Epigenetic abnormality: a possible mechanism underlying the fetal origin 
of polycystic ovary syndrome. Med Hypotheses. 2008;70:638–42.  

    128.    de Zegher F, Ibáñez L. Early origins of polycystic ovary syndrome: hypotheses may change 
without notice. J Clin Endocrinol Metab. 2009;94:3682–5.  

         129.    Abbott DH, Dumesic DA, Franks S. Developmental origin of polycystic ovary syndrome – a 
hypothesis. J Endocrinol. 2002;174:1–5.  

      130.    Jaddoe VWV. Developmental origins of type 2 diabetes and obesity. Acta Paediatr. 
2009;98:29.  

     131.    Barker DJP, Hales CN, Fall CHD, et al. Type 2 (non-insulin-dependent) diabetes-mellitus, 
hypertension and hyperlipemia (syndrome-x) – relation to reduced fetal growth. Diabetologia. 
1993;36:62–7.  

    132.    Alves MG, Martins AD, Rato L, et al. Molecular mechanisms beyond glucose transport in 
diabetes-related male infertility. Biochim Biophys Acta. 1832;2013:626–35.  

9 Gamete/Embryo-Fetal Origins of Infertility



192

     133.    Mallidis C, Agbaje I, McClure N, et al. The infl uence of diabetes mellitus on male reproductive 
function. A poorly investigated aspect of male infertility. Urologe. 2011;50:33–7.  

          134.    Batcheller A, Cardozo E, Maguire M, et al. Are there subtle genome-wide epigenetic 
alterations in normal offspring conceived by assisted reproductive technologies? Fertil Steril. 
2011;96:1306–11.  

    135.    Serour GI, Re FCEAH. Ethical guidelines on iatrogenic and self-induced infertility. Int 
J Gynaecol Obstet. 2006;94:172–3.  

       136.    Zhang D, Zhu YM, Gao HJ, et al. Overweight and obesity negatively affect the outcomes of 
ovarian stimulation and in vitro fertilisation: a cohort study of 2628 Chinese women. Gynecol 
Endocrinol. 2010;26:325–32.  

   137.    Du Plessis SS, Cabler S, McAlister DA, et al. The effect of obesity on sperm disorders and 
male infertility. Nat Rev Urol. 2010;7:153–61.  

        138.    deMola J. Obesity and its relationship to infertility in men and women. Obstet Gynecol Clin 
North Am. 2009;36:333+.  

    139.    Lumey LH, Stein AD. In utero exposure to famine and subsequent fertility: the Dutch Famine 
Birth Cohort Study. Am J Public Health. 1997;87:1962–6.  

    140.    Meas T, Deghmoun S, Levy-Marchal C, et al. Fertility is not altered in young adults born 
small for gestational age. Hum Reprod. 2010;25:2354–9.  

    141.    Sadrzadeh-Broer S, Kuijper EAM, Van Weissenbruch MM, et al. Ovarian reserve in young 
women with low birth weight and normal puberty: a pilot case–control study. Gynecol 
Endocrinol. 2011;27:641–4.  

    142.    Luo XQ, Mo Y, Ke ZY, et al. High-dose chemotherapy without stem cell transplantation for 
refractory childhood systemic lupus erythematosus. Chemotherapy. 2008;54:331–5.  

    143.    Mok CC, Lau CS, Wong RWS. Risk factors for ovarian failure in patients with systemic lupus 
erythematosus receiving cyclophosphamide therapy. Arthritis Rheum. 1998;41:831–7.  

    144.    Shalet SM, Tsatsoulis A, Whitehead E, et al. Vulnerability of the human Leydig-cell to 
radiation- damage is dependent upon age. J Endocrinol. 1989;120:161–5.  

    145.    Meistrich ML, Finch M, Dacunha MF, et al. Damaging effects of 14 chemotherapeutic drugs 
on mouse testis cells. Cancer Res. 1982;42:122–31.  

    146.    Kangasniemi M, Huhtaniemi I, Meistrich ML. Failure of spermatogenesis to recover despite the 
presence of a spermatogonia in the irradiated LBNF(1), rat. Biol Reprod. 1996;54:1200–8.  

        147.    Tyrkus MY, Makukh GV, Zastavna DV, et al. Microdeletions in the Y chromosome as a pre-
dictive marker of infertility in males. Cytol Genet. 2008;42:111–15.  

   148.    Houshdaran S, Cortessis VK, Siegmund K, et al. Widespread epigenetic abnormalities suggest 
a broad DNA methylation erasure defect in abnormal human sperm. PLoS ONE. 2007;2:e1289.  

      149.    Marques CJ, Francisco T, Sousa S, et al. Methylation defects of imprinted genes in human 
testicular spermatozoa. Fertil Steril. 2010;94:585–94.  

       150.    Sato A, Otsu E, Negishi H, et al. Aberrant DNA methylation of imprinted loci in superovulated 
oocytes. Hum Reprod. 2007;22:26–35.  

    151.    Borghol N, Lornage J, Blachere T, et al. Epigenetic status of the H19 locus in human oocytes 
following in vitro maturation. Genomics. 2006;87:417–26.  

    152.    Jones GM, Cram DS, Song B, et al. Gene expression profi ling of human oocytes following in 
vivo or in vitro maturation. Hum Reprod. 2008;23:1138–44.  

       153.    Katari S, Turan N, Bibikova M, et al. DNA methylation and gene expression differences in 
children conceived in vitro or in vivo. Hum Mol Genet. 2009;18:3769–78.  

     154.    Turan N, Katari S, Gerson LF, et al. Inter- and intra-individual variation in allele-specifi c 
DNA methylation and gene expression in children conceived using assisted reproductive 
technology. PLoS Genet. 2010;6(7):e1001033.  

   155.    Zechner U, Pliushch G, Schneider E, et al. Quantitative methylation analysis of developmen-
tally important genes in human pregnancy losses after ART and spontaneous conception. Mol 
Hum Reprod. 2010;16:704–13.  

     156.    Gomes MV, Huber J, Ferriani RA, et al. Abnormal methylation at the KvDMR1 imprinting 
control region in clinically normal children conceived by assisted reproductive technologies. 
Mol Hum Reprod. 2009;15:471–7.  

X.-M. Zhu et al.



193

        157.    Thompson JG, Kind KL, Roberts CT, et al. Epigenetic risks related to assisted reproductive 
technologies – short- and long-term consequences for the health of children conceived through 
assisted reproduction technology: more reason for caution? Hum Reprod. 2002;17:2783–6.  

   158.    Wang N, Wang LY, Le F, et al. Altered expression of Armet and Mrlp51 in the oocyte, preim-
plantation embryo, and brain of mice following oocyte in vitro maturation but postnatal brain 
development and cognitive function are normal. Reproduction. 2011;142:401–8.  

   159.    Wang N, Le F, Liu XZ, et al. Altered expressions and DNA methylation of imprinted genes 
in chromosome 7 in brain of mouse offspring conceived from in vitro maturation. Reprod 
Toxicol. 2012;34:420–8.  

      160.    Li L, Wang L, Xu XR, et al. Genome-wide DNA methylation patterns in IVF-conceived mice and 
their progeny: a putative model for ART-conceived humans. Reprod Toxicol. 2011;32:98–105.  

   161.    Demars J, Le Bouc Y, El-Osta A, et al. Epigenetic and genetic mechanisms of abnormal 
11p15 genomic imprinting in Silver-Russell and Beckwith-Wiedemann Syndromes. Curr 
Med Chem. 2011;18:1740–50.  

   162.    Fauque P, Jouannet P, Lesaffre C, et al. Assisted reproductive technology affects developmental 
kinetics, H19 imprinting control region methylation and H19 gene expression in individual 
mouse. BMC Dev Biol. 2007;7:116.  

   163.    Fortier AL, Lopes FL, Darricarrere N, et al. Superovulation alters the expression of imprinted 
genes in the midgestation mouse placenta. Hum Mol Genet. 2008;17:1653–65.  

   164.    Rivera RM, Stein P, Weaver JR, et al. Manipulations of mouse embryos prior to implantation 
result in aberrant expression of imprinted genes on day 9.5 of development. Hum Mol Genet. 
2008;17:1–14.  

   165.    Doherty AS, Mann MRW, Tremblay KD, et al. Differential effects of culture on imprinted 
H19 expression in the preimplantation mouse embryo. Biol Reprod. 2000;62:1526–35.  

   166.    Wang ZY, Xu L, He FF. Embryo vitrifi cation affects the methylation of the H19/Igf2 differen-
tially methylated domain and the expression of H19 and Igf2. Fertil Steril. 2010;93:2729–33.  

   167.    Li T, Vu TH, Ulaner GA, et al. IVF results in de novo DNA methylation and histone methyla-
tion at an Igf2-H19 imprinting epigenetic switch. Mol Hum Reprod. 2005;11:631–40.  

   168.    Zaitseva I, Zaitsev S, Alenina N, et al. Dynamics of DNA-demethylation in early mouse and 
rat embryos developed in vivo and in vitro. Mol Reprod Dev. 2007;74:1255–61.  

   169.    Khosla S, Dean W, Brown D, et al. Culture of preimplantation mouse embryos affects fetal 
development and the expression of imprinted genes. Biol Reprod. 2001;64:918–26.  

   170.    Mann MRW, Lee SS, Doherty AS, et al. Selective loss of imprinting in the placenta following 
preimplantation development in culture. Development. 2004;131:3727–35.  

   171.    Lewis A, Mitsuya K, Umlauf D, et al. Imprinting on distal chromosome 7 in the placenta 
involves repressive histone methylation independent of DNA methylation. Nat Genet. 
2004;36:1291–5.  

       172.    Stouder C, Deutsch S, Paoloni-Giacobino A. Superovulation in mice alters the methylation 
pattern of imprinted genes in the sperm of the offspring. Reprod Toxicol. 2009;28:536–41.  

        173.    Mahsoudi B, Li A, O’Neill C. Assessment of the long-term and transgenerational consequences 
of perturbing preimplantation embryo development in mice. Biol Reprod. 2007;77:889–96.  

       174.    Zhang Y, Zhang YL, Feng C, et al. Comparative proteomic analysis of human placenta 
derived from assisted reproductive technology. Proteomics. 2008;8:4344–56.  

   175.    Kuentz P, Bailly A, Faure AC, et al. Child with Beckwith-Wiedemann syndrome born after 
assisted reproductive techniques to an human immunodefi ciency virus serodiscordant couple. 
Fertil Steril. 2011;96:E35–8.  

   176.    Shi X, Chen S, Zheng H, et al. Aberrant DNA methylation of imprinted loci in human 
in vitro matured oocytes after long agonist stimulation. Eur J Obstet Gynecol Reprod Biol. 
2012;167(1):64–8.  

     177.   Katagiri Y, Aoki C, Tamaki-Ishihara Y et al. Effects of assisted reproduction technology on 
placental imprinted gene expression. Obstet Gynecol Int 2010;2010. pii:437528  

   178.    Kallen B, Finnstrom O, Nygren KG, et al. In vitro fertilization (IVF) in Sweden: risk for 
congenital malformations after different IVF methods. Birth Defects Res A Clin Mol Teratol. 
2005;73:162–9.  

9 Gamete/Embryo-Fetal Origins of Infertility



194

      179.    Dumoulin JC, Land JA, Van Montfoort AP, et al. Effect of in vitro culture of human embryos 
on birthweight of newborns. Hum Reprod. 2010;25:605–12.  

    180.    Kaneda M, Okano M, Hata K, et al. Essential role for de novo DNA methyltransferase 
Dnmt3a in paternal and maternal imprinting. Nature. 2004;429:900–3.  

    181.    McLachlan RI, O’Bryan MK. State of the art for genetic testing of infertile men. J Clin 
Endocrinol Metab. 2010;95:1013–24.  

              182.    Cortessis VK, Thomas DC, Levine AJ, et al. Environmental epigenetics: prospects for studying 
epigenetic mediation of exposure-response relationships. Hum Genet. 2012;131:1565–89.  

    183.    Skinner MK. Environmental epigenetic transgenerational inheritance and somatic epigenetic 
mitotic stability. Epigenetics. 2011;6:838–42.  

   184.    Skinner MK, Manikkam M, Guerrero-Bosagna C. Epigenetic transgenerational actions of 
environmental factors in disease etiology. Trends Endocrinol Metab. 2010;21:214–22.  

    185.    Skinner MK. Role of epigenetics in developmental biology and transgenerational inheritance. 
Birth Defects Res C Embryo Today. 2011;93:51–5.  

   186.    Skinner MK. Environmental epigenomics and disease susceptibility. EMBO Rep. 2011;12:
620–2.  

    187.    Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility. Nat Rev 
Genet. 2007;8:253–62.  

   188.    Skinner MK. What is an epigenetic transgenerational phenotype? F3 or F2. Reprod Toxicol. 
2008;25:2–6.  

      189.    Hussain N. Epigenetic infl uences that modulate infant growth, development, and disease. 
Antioxid Redox Signal. 2012;17:224–36.  

               190.    Chason RJ, Csokmay J, Segars JH, et al. Environmental and epigenetic effects upon 
preimplantation embryo metabolism and development. Trends Endocrinol Metab. 2011;22:
412–20.  

         191.    Godmann M, Lambrot R, Kimmins S. The dynamic epigenetic program in male germ cells: 
its role in spermatogenesis, testis cancer, and its response to the environment. Microsc Res 
Tech. 2009;72:603–19.  

       192.    Wolff GL, Kodell RL, Moore SR, et al. Maternal epigenetics and methyl supplements affect 
agouti gene expression in A(vy)/a mice. FASEB J. 1998;12:949–57.  

       193.    Cooney CA, Dave AA, Wolff GL. Maternal methyl supplements in mice affect epigenetic 
variation and DNA methylation of offspring. J Nutr. 2002;132:2393S–400.  

      194.    Zeisel SH. Epigenetic mechanisms for nutrition determinants of later health outcomes. 
Am J Clin Nutr. 2009;89:S1488–93.  

    195.    Blount BC, Mack MM, Wehr CM, et al. Folate defi ciency causes uracil misincorporation into 
human DNA and chromosome breakage: implications for cancer and neuronal damage. Proc 
Natl Acad Sci U S A. 1997;94:3290–5.  

     196.    Friso S, Choi SW, Girelli D, et al. A common mutation in the 5,10-methylenetetrahydrofolate 
reductase gene affects genomic DNA methylation through an interaction with folate status. 
Proc Natl Acad Sci U S A. 2002;99:5606–11.  

     197.    Waterland RA, Lin JR, Smith CA, et al. Post-weaning diet affects genomic imprinting at the 
insulin-like growth factor 2 (Igf2) locus. Hum Mol Genet. 2006;15:705–16.  

       198.    Bilinski P, Wojtyla A, Kapka-Skrzypczak L, et al. Epigenetic regulation in drug addiction. 
Ann Agric Environ Med. 2012;19:491–6.  

     199.    Csoka AB, Szyf M. Epigenetic side-effects of common pharmaceuticals: a potential new fi eld 
in medicine and pharmacology. Med Hypotheses. 2009;73:770–80.  

      200.    Chuai YH, Xu XB, Wang AM. Preservation of fertility in females treated for cancer. Int J 
Biol Sci. 2012;8:1005–12.  

     201.    Wallace WHB, Anderson RA, Irvine DS. Fertility preservation for young patients with 
cancer: who is at risk and what can be offered? Lancet Oncol. 2005;6:209–18.  

     202.    Leung W, Hudson MM, Strickland DK, et al. Late effects of treatment in survivors of 
childhood acute myeloid leukemia. J Clin Oncol. 2000;18:3273–9.  

    203.    Reik W, Dean W, Walter J. Epigenetic reprogramming in mammalian development. Science. 
2001;293:1089–93.  

X.-M. Zhu et al.



195

     204.    Rinaudo PF, Giritharan G, Talbi S, et al. Effects of oxygen tension on gene expression in 
preimplantation mouse embryos. Fertil Steril. 2006;86:1252–65.  

     205.    Dunn GA, Morgan CP, Bale TL. Sex-specifi city in transgenerational epigenetic programming. 
Horm Behav. 2011;59:290–5.  

          206.    Barouki R, Gluckman PD, Grandjean P, et al. Developmental origins of non-communicable 
disease: implications for research and public health. Environ Health. 2012;11:42.  

      207.    Metzger ML, Meacham LR, Patterson B, et al. Female reproductive health after childhood, 
adolescent, and young adult cancers: guidelines for the assessment and management of 
female reproductive complications. J Clin Oncol. 2013;31(9):1239–47.  

     208.    Hancke K, Isachenko V, Isachenko E, et al. Prevention of ovarian damage and infertility in 
young female cancer patients awaiting chemotherapy-clinical approach and unsolved issues. 
Support Care Cancer. 2011;19:1909–19.  

   209.    Green DM, Whitton JA, Stovall M, et al. Pregnancy outcome of partners of male survivors 
of childhood cancer: a report from the childhood cancer survivor study. J Clin Oncol. 
2003;21:716–21.  

   210.    Green DN, Whitton JA, Stovall M, et al. Pregnancy outcome of female survivors of childhood 
cancer: a report from the Childhood Cancer Survivor Study. Am J Obstet Gynecol. 2002;187:
1070–80.  

   211.    van Dorp W, van den Heuvel-Eibrink MM, Stolk L, et al. Genetic variation may modify ovarian 
reserve in female childhood cancer survivors. Hum Reprod. 2013;28(4):1069–76.  

   212.    Knopman JM, Papadopoulos EB, Grifo JA, et al. Surviving childhood and reproductive-age 
malignancy: effects on fertility and future parenthood. Lancet Oncol. 2010;11:490–8.  

    213.    Wallace WHB, Anderson RA, Irvine DA. Fertility preservation for young patients with can-
cer: who is at risk and what can be offered? (vol 6, pg 209, 2005). Lancet Oncol. 2005;6:922.  

    214.    Maclaran K, Panay N. Premature ovarian failure. J Fam Plann Reprod Health Care. 2011;37:
35–42.  

   215.    Oktem O, Urman B. Options of fertility preservation in female cancer patients. Obstet 
Gynecol Surv. 2010;65:531–42.  

   216.    Ben-Aharon I, Gafter-Gvili A, Leibovici L, et al. Pharmacological interventions for fertility 
preservation during chemotherapy: a systematic review and meta-analysis. Breast Cancer Res 
Treat. 2010;122:803–11.  

   217.    Blumenfeld Z, von Wolff M. GnRH-analogues and oral contraceptives for fertility preservation 
in women during chemotherapy. Hum Reprod Update. 2008;14:543–52.  

   218.    Jadoul P, Dolmans MM, Donnez J. Fertility preservation in girls during childhood: is it feasible, 
effi cient and safe and to whom should it be proposed? Hum Reprod Update. 2010;16:617–30.  

   219.    Smitz J, Dolmans MM, Donnez J, et al. Current achievements and future research directions 
in ovarian tissue culture, in vitro follicle development and transplantation: implications for 
fertility preservation. Hum Reprod Update. 2010;16:395–414.  

    220.    Wyns C, Curaba M, Vanabelle B, et al. Options for fertility preservation in prepubertal boys. 
Hum Reprod Update. 2010;16:312–28.  

    221.    Ding GL, Chen XJ, Luo Q, et al. Attenuated oocyte fertilization and embryo development 
associated with altered growth factor/signal transduction induced by endometriotic peritoneal 
fl uid. Fertil Steril. 2010;93:2538–44.  

     222.    Macer ML, Taylor HS. Endometriosis and infertility: a review of the pathogenesis and treat-
ment of endometriosis-associated infertility. Obstet Gynecol Clin North Am. 2012;39:535+.  

         223.    Hanson M, Godfrey KM, Lillycrop KA, et al. Developmental plasticity and developmental 
origins of non-communicable disease: theoretical considerations and epigenetic mechanisms. 
Prog Biophys Mol Biol. 2011;106:272–80.  

    224.    Dominguez-Salas P, Cox SE, Prentice AM, et al. Maternal nutritional status, C-1 metabolism 
and offspring DNA methylation: a review of current evidence in human subjects. Proc Nutr 
Soc. 2012;71:154–65.  

   225.    Papadopoulou E, Stratakis N, Roumeliotaki T, et al. The effect of high doses of folic acid and 
iron supplementation in early-to-mid pregnancy on prematurity and fetal growth retardation: 
the mother-child cohort study in Crete, Greece (Rhea study). Eur J Nutr. 2013;52:327–36.  

9 Gamete/Embryo-Fetal Origins of Infertility



196

   226.    Chatzi L, Papadopoulou E, Koutra K, et al. Effect of high doses of folic acid supplementation 
in early pregnancy on child neurodevelopment at 18 months of age: the mother-child cohort 
‘Rhea’ study in Crete. Greece Public Health Nutr. 2012;15:1728–36.  

    227.    Matok I, Gorodischer R, Koren G, et al. Exposure to folic acid antagonists during the fi rst 
trimester of pregnancy and the risk of major malformations. Br J Clin Pharmacol. 2009;68:
956–62.  

    228.    Yazdy MM, Honein MA, Xing J. Reduction in orofacial clefts following folic acid fortifi cation 
of the US grain supply. Birth Defects Res A Clin Mol Teratol. 2007;79:16–23.  

   229.    Julvez J, Fortuny J, Mendez M, et al. Maternal use of folic acid supplements during 
pregnancy and four-year-old neurodevelopment in a population-based birth cohort. Paediatr 
Perinat Epidemiol. 2009;23:199–206.  

    230.    Schlotz W, Jones A, Phillips DIW, et al. Lower maternal folate status in early pregnancy is 
associated with childhood hyperactivity and peer problems in offspring. J Child Psychol 
Psychiatry. 2010;51:594–602.  

    231.    Laanpere M, Altmae S, Stavreus-Evers A, et al. Folate-mediated one-carbon metabolism and 
its effect on female fertility and pregnancy viability. Nutr Rev. 2010;68:99–113.  

    232.    Dolinoy DC, Huang D, Jirtle RL. Maternal nutrient supplementation counteracts bisphenol 
A-induced DNA hypomethylation in early development. Proc Natl Acad Sci U S A. 2007;104:
13056–61.  

    233.    Cropley JE, Suter CM, Beckman KB, et al. Germ-line epigenetic modifi cation of the 
murine A(vy) allele by nutritional supplementation. Proc Natl Acad Sci U S A. 2006;103:
17308–12.  

     234.    Martin J, Cervero A, Mir P, et al. The impact of next-generation sequencing technology on 
preimplantation genetic diagnosis and screening. Fertil Steril. 2013;99:1054-U1225.  

    235.    Harper JC, Wilton L, Traeger-Synodinos J, et al. The ESHRE PGD Consortium: 10 years of 
data collection. Hum Reprod Update. 2012;18:234–47.  

    236.    Nargund G, Chian RC. ISMAAR: Leading the global agenda for a more physiological, 
patient-centred, accessible and safer approaches in ART. J Assist Reprod Genet. 2013;30:
155–6.  

    237.    Klip H, Verloop J, van Gool JD, et al. Hypospadias in sons of women exposed to diethyl-
stilbestrol in utero: a cohort study. Lancet. 2002;359:1102–7.  

    238.    Hernandez-Diaz S. Iatrogenic legacy from diethylstilbestrol exposure. Lancet. 2002;359:
1081–2.  

    239.    Wojtyla A. Application of the hypothesis of Developmental Origin of Health and Diseases 
(DOHaD) in epidemiological studies of women at reproductive age and pregnant women in 
Poland. Ann Agric Environ Med. 2011;18:355–64.  

      240.    Lillycrop KA, Burdge GC. The effect of nutrition during early life on the epigenetic regu-
lation of transcription and implications for human diseases. J Nutrigenet Nutrigenomics. 
2011;4:248–60.  

    241.    Simpson JL. Cell-free fetal DNA and maternal serum analytes for monitoring embryonic and 
fetal status. Fertil Steril. 2013;99:1124–34.  

    242.    Scala I, Parenti G, Andria G. Universal screening for inherited metabolic diseases in the 
neonate (and the fetus). J Matern Fetal Neonatal Med. 2012;25:4–6.    

X.-M. Zhu et al.



197H.-F. Huang, J.-Z. Sheng (eds.), Gamete and Embryo-fetal Origins of Adult Diseases, 
DOI 10.1007/978-94-007-7772-9_10, © Springer Science+Business Media Dordrecht 2014

    Abstract  
  Suboptimal intrauterine conditions may produce small for gestational age (SGA), 
and low birth weight (LBW) babies, that are predisposed to develop cardiovascular 
and metabolic disease in later life [1]. During assisted reproductive technology 
(ART) treatment, gametes and zygotes are exposed to a series of non-physiological 
processes and culture media with increasing evidence that offspring of ART 
have increasing chances of being low birth weight. An increasing incidence of 
early-onset hypertension has also been reported in the population of ART 
offspring. It is therefore important to understand whether ART plays any specifi c 
role in disadvantaging a fetus, and, whether any such disadvantage carries 
long-term consequences. 

 Methylation of imprinted genes is erased and reestablished during gameto-
genesis, and, maintained throughout pre- and post-implantation development. 
Sequence-specifi c DNA hypomethylation frequently occurs in human sperm in 
compromised spermatogenesis. Transmission of sperm and oocyte DNA 
methylation defects occurs, though may be prevented by selection of gametes for 
ART, or, non-viability of the resulting embryos. In vitro fertilization (IVF), 
oocyte in vitro maturation (IVM), intracytoplasmic sperm injection (ICSI) and 
preimplantation genetic diagnosis (PGD) manipulate gametes and embryo at a 
time that is important for methylation reprogramming, and, may infl uence 
epigenetic stability leading to increased risks of adult diseases. Aspects of sub-
fertility may also pose a risk factor for imprinting diseases. In this chapter, 
we will discuss the evidence related to assisted reproductive technology and 
embryo- fetal origins of diseases.  
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10.1         In Vitro Fertilization 

 Worldwide, it is estimated that more than fi ve million babies have been born after 
ART. Children conceived by ART comprise 1–4 % of the newborn population [ 2 ]. 
Although the majority of children born after ART are healthy, some concerns remain 
regarding the safety of this technology. Multiple pregnancies occur more commonly 
in ART pregnancies, and, their high frequency increases the risk of low birthweight 
and preterm delivery [ 3 – 5 ]. Several studies indicate that ART may disrupt epigenetic 
programming [ 1 ]. Animal studies and long-term follow-up studies of ART children 
suggest there may be an increased incidence of genetic, physical, or developmental 
abnormalities [ 4 ,  5 ], although there are also observations that contradict these 
fi ndings [ 6 ].   

10.1.1     Perinatal Outcome of Assisted Reproduction 

 Multiple births continue to be the major risk for couples embarking on fertility 
treatment. Their frequency in different countries ranges from 25 % to nearly 50 %, 
with the rate of high order pregnancies as high as 40 % (compared with only 3 % 
of infants among the general birth population) [ 7 ]. Transferring two embryos is 
associated with a threefold increase in the birth rate, and, a 16-fold increase in 
the twin birth rate [ 8 ]. Neonatal complications include low birth weight, preterm 
delivery, placental dysfunction and congenital malformations [ 9 ]. In the general 
population, the risk of preterm delivery is fi vefold in twins compared to singletons, 
and 50 % of twins are born at low birth weights (<2,500 g) compared to 6 % of 
singletons [ 10 ]. The perinatal mortality is 5–6 times higher among twins compared 
to singletons [ 9 ]. 

 In recent years there has been a developing trend to limit the number of embryos 
transferred into the uterine cavity per cycle of IVF/ICSI [ 10 ]. Single embryo trans-
fer developed remarkably, with the proportion increasing from 10.5 to 12.4 %, and 
now it is highest in Finland (38.5 %), Sweden (30.5 %) and Australia (25.0 %). 
Since 2000 the proportions of twin and triplet pregnancies decreased from 26.5 to 
25.7 % and from 2.9 to 2.5 % respectively [ 11 ]. However, reducing multiple preg-
nancies will not totally eliminate the increased risk of adverse perinatal outcomes in 
ART pregnancies. Singleton, ART conceptions appear to be at greater risk than 
unassisted, singleton conceptions for a number of adverse outcomes. Meta-analyses 
show that singleton children born after ART (IVF, ICSI, or gamete intra fallopian 
transfer) have a twofold risk of being born preterm, are at increased risk of having a 
low or very low birthweight (OR 1.70–1.77 and 2.70–3.00, respectively), and, are 
most usually born small for gestational age (OR 1.40–1.60) [ 7 ]. In addition, risks of 
preeclampsia, placental abruption, and placenta praevia also appear to increase after 
ART techniques [ 12 ,  13 ]. Despite a number of evidences indicate increased risks of 
perinatal complications following ART, its causes are still of no consensus. It is not 
clear whether ART is culpable, or, whether the adverse outcomes are attributable to 
factors related to the infertile couple. 
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 The biology of subfertile couples may pose health risks to ART children. 
Singleton pregnancies in infertile couples after ovarian stimulation with, or without, 
artifi cial insemination, have a higher risk of low birth weight when compared with 
naturally conceived offspring [ 14 ]. However, after controlling for the origin of the 
semen, any differences between IUI and natural conception disappeared [ 15 ]. The 
time to-pregnancy interval has a direct link with the risk of preterm birth, and low 
birthweight. If the time-to-pregnancy interval was longer than 12 months but no 
fertility treatment had been used, the risk of low birthweight and preterm delivery 
increased [ 7 ]. Romundstad et al. compared the outcomes of two, consecutive singleton 
pregnancies, including one child conceived through ART and the other conceived 
spontaneously. In the sibling-relationship comparisons, there are no signifi cant 
differences in birthweight, risks of small for gestational age babies, gestational age, 
and preterm delivery among infants conceived both spontaneously and after ART 
[ 16 ]. These results suggest that adverse outcomes after ART compared to those in 
the general population, may be attributable to the factors leading to infertility, rather 
than to factors related to the reproductive technology. 

 However, studies among subfertile women also show that adverse perinatal risks 
after IVF cannot be explained completely by subfertility; preterm delivery and 
lower mean birthweight were found among children born from subfertile women 
conceived after IVF as compared with children born from subfertile women after 
spontaneous conception [ 5 ]. Imprinted genes are major contributors to fetal growth, 
maternally expressed imprinted genes act as growth suppressors, whereas paternally 
expressed imprinted genes are growth promoters [ 4 ] .  Lower birth weight may refl ect 
increased suppression of paternally expressed (maternally imprinted) genes or 
conversely, overexpression of maternally expressed genes. According to the Barker 
hypothesis, babies born preterm and low birthweight after ART may be at risk of 
cardiovascular disease and diabetes in later life [ 5 ]. Given the increased risk of low 
birthweight in ART babies, specifi c investigation of the long-term consequences of 
IVF will be necessary.  

10.1.2     Neurological Sequelae 

 Large, registry-based cohort studies report increased risks of cerebral palsy (CP, OR 
1.6–3.7) in IVF children compared to naturally conceived children. The increased 
risk is largely due to the higher frequency of multiple pregnancies, low birth weight, 
and preterm delivery in IVF children [ 17 ]. The incidence of CP increases in multiple 
births: twins had risks approximately fi ve times higher and triplets 17 times higher 
than singletons [ 9 ]. Many studies have investigated the neurodevelopmental wellbeing 
of singleton children born after ART. The reports indicate consistently that there are 
no neurodevelopmental differences between term singleton children conceived by 
ART and their naturally-conceived peers. A large European study in fi ve countries 
assessed neurological outcomes of singleton children age 5 years, born after ICSI, 
IVF alone, or natural conception, with about 500 infants in each group; the results 
were reassuring [ 7 ]. However, Lidegaard et al., compared 442,349 singleton infants 
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conceived spontaneously with 6,052 children born after IVF and noted an 80 % 
increased risk of cerebral palsy in the IVF group [ 18 ]. A population- based retro-
spective cohort study in Sweden showed that children born after IVF singletons had 
increased risks of neurological sequelae risk (OR 2.8) [ 19 ]. 

 The surviving co-twin may account for the increased risk of cerebral palsy in 
singleton births after IVF – singletons born from IVF originating from twin 
pregnancies [ 14 ]. IVF/ICSI is related to an increased risk of cerebral palsy through 
the association with preterm birth and plurality [ 20 ]. Relatively little evidence is 
available concerning the outcome of these children when they are older, thus larger, 
long-term, follow-up studies will be necessary to assess the impact of ART on children 
through puberty into adult life.  

10.1.3     Cancer 

 Several case control studies suggested a possibly increased incidence of embryonal 
tumors in children who were prenatally exposed to sex hormones. In 1987, Kramer 
et al. reported that the risk of neuroblastoma increased following exposure to fertility 
drugs [ 21 ]. Michalek et al. noted that children with neuroblastoma were ten times more 
likely to have mothers with infertility treatment [ 22 ]. In addition, a report from the 
Netherlands identifi ed a fi vefold increased risk for retinoblastoma among children 
born after IVF [ 23 ]. However, a number of published cohort studies do not show 
increased risk of childhood cancer in ART children when compared with the general 
population. In an Australian cohort study, no signifi cantly-increased risk of cancer 
occurred in an IVF group (N = 5,249) as compared to the general population [ 24 ]. Klip 
et al. found no increase in childhood cancer after 6 years when an IVF group was 
compared to the general population, and, spontaneously conceived children born 
from subfertile parents [ 22 ]. In Denmark, Brinton et al. found no signifi cant cancer 
risk in the children born after ovulation-stimulation after 10.1 years follow-up [ 14 ]. 

 Although these cohort studies appear reassuring, there is a continuing need to 
monitor IVF children to establish the true prevalence of post-IVF childhood cancer, 
preferably in registry-based studies.  

10.1.4     Congenital Malformations 

 Between 3 and 5 % of all infants are diagnosed with a congenital anomaly soon after 
birth [ 25 ]. A number of meta-analyses indicate a 30 % increased risk of major 
malformations after IVF or ICSI compared with spontaneous conception, and, there 
is no difference between the two techniques [ 2 ,  7 ,  10 ,  26 ]. The major defects 
included urogenital cardiovascular, musculoskeletal, and chromosomal anomalies. 
The increased risk of major malformations may, at least partly, be explained by the 
higher proportion of multiple births in the IVF group [ 9 ]. Mothers of ART children 
were older and less parous than control mothers [ 27 ]. Increasing evidence suggests 
that parental subfertility may be an important factor, as increasing ‘time to pregnancy’ 
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was associated with a greater risk of congenital abnormalities [ 2 ,  25 ]. After 
adjustment for parental factors, there was no signifi cant association between 
increased risk of birth defects and IVF. However, the risk of birth defects associated 
with ICSI remains increased after multivariate adjustment [ 28 ].  

10.1.5     Epigenetic Mechanisms in ART 

 Genomic imprinting occurs during gametogenesis and embryogenesis, and, it is pos-
sible that techniques used in ART could cause aberrant genomic imprinting and thus 
imprinting disorders [ 29 ,  30 ]. Since 2002, there is growing evidence that ART proce-
dures may perturb the important epigenetic processes during the preimplantation 
period and lead to imprinting syndromes [ 5 ]. The most extensively studied imprinting 
disorders related to ART are Beckwith-Weidemann syndrome (BWS). BWS is a 
congenital overgrowth syndrome characterized by macroglossia, visceromegaly, mac-
rosomia, umbilical and abdominal wall abnormalities including exomphalos, neonatal 
hypoglycemia and an increased risk of developing embryonal tumors in childhood 
[ 31 ]. BWS has an estimated incidence of 1 in 13,700 live births in the general popu-
lation [ 32 ], a 6–9 times increase among ART offspring as compared with naturally 
conceived children [ 33 ]. While this would represent a dramatic increase in relative 
risk, the actual incidence of BWS after ART is 1 in 4,000–5,500 [ 33 ]. Methylation 
errors account for 50–60 % of sporadic cases of BWS, and almost 100 % of cases born 
after ART [ 31 ]. These fi ndings are not confi rmed by Lidegaard et al. [ 18 ], who 
assessed the incidence rate of imprinting diseases and related disorders in IVF single-
tons and spontaneously conceived children born in Denmark between1995 and 2001. 

 Another classic imprinting defect is Angelman’s syndrome (AS). AS is a neuro-
logical disease affecting 1 in 15,000 live births that is associated with mental 
retardation, unusual gait, and seizures. AS is caused by loss of maternal UBE3A 
[ 22 ]. However, fewer than 5 % of AS cases are associated with an imprinting defect 
[ 29 ]. The numbers associated with ART are too low to characterize the effects of 
ART on AS. The fi rst cases of ART-related Angelman syndrome were reported in 
2002 and 2003 [ 19 ,  20 ]. Three patients conceived by intracytoplasmic sperm 
injection were diagnosed with AS, and, found to have aberrant loss of methylation 
on chromosome xy [ 2 ]. The reason for the increased risk of imprinting disorders in 
ART children is unknown. 

 Imprints of oocytes are established during the primordial to antral follicle tran-
sition and are not completed until just prior to ovulation [ 34 ]. For this reason, 
gonadotrophic hormones used during superovulation may affect imprint acquisition 
in oocytes. Ovarian stimulation is associated with an increased risk of aneuploidy in 
artifi cially matured oocytes [ 2 ] and may alter genomic imprinting of both maternally 
and paternally-expressed genes [ 35 ,  36 ]. Moreover, superovulation can transgenera-
tionally affect the offspring sperm methylation pattern [ 37 ]. 

 Preimplantation represents another developmental stage in which changes in DNA 
methylation take place. As early as 4 h after fertilization, marked demethylation 
occurs as the developing embryo initiates epigenetic changes, which will lead to 
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delineation of cell specifi city [ 38 ]. Animal models indicate that media and other 
environmental components may cause epigenetic modifi cations. In-vitro media 
alterations during the preimplantation period may result in a particular overgrowth 
syndrome, known as large offspring syndrome (LOS). LOS has substantial pheno-
typical similarities with Beckwith-Wiedeman syndrome. LOS in sheep is associated 
with reduced expression of Igf2r through loss of methylation [ 38 ,  39 ]. In addition, 
alterations in the culture media of in vitro-conceived embryos may also alter 
methylation of both H19 and Igf2 [ 38 ].   

10.2     Oocyte in Vitro Maturation (IVM) 

10.2.1     Application of IVM 

 IVM is a technique where immature oocytes are collected from mid-sized, antral 
follicles, usually from unstimulated ovaries, and cultured, matured and fertilized in 
vitro to produce embryos [ 40 ]. IVM of oocytes was fi rst demonstrated in animals by 
Pincus and Enzmann in 1934, and later, in humans by Edwards in 1969. The fi rst 
birth after IVM of immature oocytes occurred from oocytes collected during 
gynaecological surgery for oocyte donation in 1991. The fi rst reported IVM with 
patient’s own oocytes was used as a treatment for women with polycystic ovaries or 
polycystic ovarian syndrome (PCOS) in 1994 [ 41 ]. Over the past 30 years there has 
been 1,300 IVM babies [ 42 ]. 

 Advantages of IVM include relative ease of treatment, minimal use of fertility 
drugs, avoidance of ovarian hyperstimulation syndrome, and, low cost. However, 
various challenges hinder the selection of oocyte IVM as an established means of 
assisted reproduction. Although good results are reported in some clinics, IVM has 
not become a mainstream fertility treatment yet. The most important reasons are:
    1.     Technical diffi culties in retrieving immature oocytes from unstimulated ovaries 

and their cultivation.  Antral follicles between 2 and 12 mm are usually aspirated 
though studies show that follicles greater than 6 mm have a greater capacity for 
yielding immature oocytes that mature in vitro. In unstimulated ovaries, the 
follicles are small and often widespread throughout the ovarian stroma. Within 
large antral follicles, the cumulus oocyte complex (COC) is bathed in follicular 
fl uid (FF) until the time of ovulation. FF itself is a serum transudate modifi ed by 
the thecal and granulosa cell layers that make up the follicle [ 43 ]. FF contains 
undefi ned factors as well as known proteins, growth factors, steroids, and meta-
bolites, many of which are present in blood plasma [ 43 ]. Not surprisingly, the 
addition of additives such as serum and FSH to maturation media usually results 
in improvements in maturation and embryo development [ 44 – 47 ]. However, the 
use of serum in culture systems may be undesirable because of the unknown 
nature of its contents and the potential for variability [ 43 ]. IVM of oocytes is 
limited by the currently used culture systems, including the doses and duration of 
hormones and other factors added to the culture media to initiate and coordinate 
the events of oocyte maturation.   
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   2.     Lower chances of live birth per treatment compared with conventional in vitro 
fertilization.  In human the maturation rate of IVM is 30–50 %, which is much 
lower than other species, and, the pregnancies resulting from IVM are limited 
[ 48 ], and, in vitro matured human oocytes have reduced developmental compe-
tence. Recent reports document better fertility outcomes after IVM, with live 
birth rates of 30 % in donor oocyte programmes and clinical pregnancy rates 
of 21.9 % in patients with PCOS, for whom IVM may be a pivotal treatment 
strategy [ 49 ,  50 ].   

   3.     The quality of in-vitro-matured oocytes is suboptimal since immature human 
oocytes display increased meiotic spindle and chromosome abnormalities.  This 
observation may account for lower developmental competence of oocytes matured 
in vitro compared to those matured in vivo. Whether these abnormalities are due 
to damage induced during the procedure or whether attributable to factors 
intrinsic to the ovaries of PCOS patients are not known. Alterations in an oocyte’s 
internal structure, in particular spindles and chromosomes, are important in the 
ability to be fertilized, develop into a normal embryo, and ultimately produce a 
healthy live birth. Spindles controlled the movement of chromosomes within the 
oocyte; specialized components of the oocyte infrastructure that are composed 
of microtubules. This internal infrastructure is a group of moving materials, 
scaffolding and structures within the oocyte. Li et al. [ 51 ] analyzed the appearance 
of spindles and chromosomes in IVM oocytes of PCOS patients by confocal 
microscopy and fl uorescent immunocytologic staining and compared their 
results with in vivo matured oocytes of PCOS patients. It is reported that in IVM 
oocytes chromosome confi gurations and disorganized meiotic spindle micro-
tubules were more likely to be abnormal. Another signifi cant concern about 
clinical use of IVM is the potential for perturbations in subsequent fetal and 
neonatal development that may infl uence long-term health. Some concern has been 
expressed regarding the safety of the method, though, chromosomal abnormali-
ties, obstetric and neonatal outcomes were similar for IVM and conventional 
ART populations [ 49 ,  51 ,  52 ]. Cha et al. reported obstetric outcomes after 
IVM in women with PCOS; they reported 38 pregnancies, of which three had 
congenital anomalies; one case of hydrops fetalis, one omphalocele, and one 
cleft palate, and, a spontaneous miscarriage rate of 36 % [ 49 ]. There are 
insuffi cient evidence is available for women with PCOS yet, so IVM can’t be 
the preferred fi rst line treatment for subfertile women. Little is known about 
long- term outcomes after IVM, as the few children derived from IVM oocytes 
are not yet of adult age.      

10.2.2     Women Suitable for IVM 

 IVM is a therapeutic option for women with PCOS or PCO in whom there are 
signifi cant risks of ovarian hyperstimulation syndrome (OHSS) [ 53 ]. Also, more 
women of reproductive age undergo treatment for malignant diseases that are poten-
tially gonadotoxic, and, may wish to preserve their fertility before such treatment. 
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For survivors from pediatric cancer this is especially important. In vitro culture of 
primordial follicles contained in cryopreserved ovarian tissue represents another 
potential method for restoring female fertility [ 54 ].  

10.2.3     Future Considerations 

 IVM, with its numerous benefi ts and pregnancy rates comparable to those in IVF in 
most centres, is a safe and effective treatment. Progress requires improved culture 
conditions to further increase implantation rates, and, predictors of embryo compe-
tence may help increase implantation rates. Detailed follow-up and assessment of 
children conceived through IVM will be necessary to establish the safety of this 
treatment.   

10.3     Intracytoplasmic Sperm Injection (ICSI) 

 ICSI bypasses the normal fertilization process where a single sperm is injected 
directly into an egg. It involves the introduction of the entire sperm, including the 
acrosome and its digestive enzymes, directly into the oocyte. This injection of 
spermatozoa into the oocyte may potentially disrupt the oocyte’s cytoskeleton [ 55 ]. 
Introduction of exogenous material is also possible, which may damage other intra-
cellular structures [ 56 ]. Imprinting defects resulting from the ICSI technique may 
have transgenerational effects [ 57 ]. There are increasing concerns that manipulations 
during ICSI may lead to adult diseases in later life. There are many studies that 
weigh on both sides of these concerns. 

 Most of the studies giving reassuring data recommend more thorough investiga-
tions because the level of congenital defects is statically higher in babies born 
through ICSI, and, imprinting defects may be preponderant [ 58 ]. Evaluation of 
epigenetic marks and DNA methylation patterns in recent publications show no ill 
effects stemming from this method of fertilization [ 59 ]. Fulka et al. examined 
differences. in DNA methylation patterns in mouse zygotes produced either by 
natural fertilization, IVF, or ICSI by looking at global patterns of DNA methylation 
in paternal pronuclei after labeling with anti-5-methylcytosine (5-MeC) antibody, 
and, histone methylation patterns in both pronuclei after labeling with dimethylated 
H3/K9. No differences in global methylation patterns were found among in vivo, in 
vitro, and ICSI-produced zygotes in mice [ 59 ]. 

 Santos et al. evaluated the potential deregulation of DNA methylation in 
ART- derived human embryos. They evaluated genome-wide DNA methylation 
together with chromatin organization in human embryos derived by either IVF or 
ICSI. DNA methylation was assessed using an antibody against 5-methyl-cytidine, 
and, chromatin organization by DNA staining. Irrespective of the ART procedure, 
They observed similar errors in both groups, and, there was positive correlation 
between abnormal chromatin and inappropriate DNA methylation. The ability to 
develop to the blastocyst stage accompanied with normal chromatin organization 
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and DNA methylation, reinforcing the pivotal role of epigenetic regulation forming 
the early lineages of blastocyst. They found blastocysts derived by ICSI and IVF 
were affected similarly [ 60 ]. 

 Tierling et al. examined the effects of ART on the stability of DNA methylation 
imprints in phenotypically normal children (ICSI, IVF, and spontaneous conceptions) 
in ten differentially methylated regions (DMRs), including H19, KvDMR1, MEST, 
SNRPN, GRB10, GNAS NESP55, DLK1/MEG3 IG-DMR, GNAS XL-alpha-s, 
GNAS NESPas and GNAS Exon1A [ 61 ]. 

 Children conceived through ART do not express a higher degree of imprint defect. 
Feng et al. investigated expression profi les of imprinted genes in IVF- conceived, 
ICSI-conceived and naturally-conceived children, by microarray and real-time 
RT-PCR [ 62 ]. Hierarchical clustering demonstrated no obvious clustering between 
the different groups, suggesting similar genomic imprinting expression between the 
groups. In the majority of the children conceived after ART and spontaneously, the 
differentially-expressed, imprinted genes remained allele-specifi c expression. 
Monoallelic expression of L3MBTL was disrupted in one ICSI case where all CpGs 
were completely unmethylated [ 62 ]. 

 De Waal et al. demonstrated that ICSI can induce epimutations in somatic 
tissues of adult mice produced by this method. They compared the occurrence of 
epimutations in mice produced by natural conception, ICSI and somatic cell nuclear 
transfer. Surprisingly, they observed more epimutations in somatic tissues from 
ICSI-derived mice. They also observed a delay in reprogramming of the maternal 
allele of the imprinted H19 gene in spermatogonia from juvenile ICSI-derived male 
mice. These observations indicated that exposure to exogenous gonadotropins of 
maternal gametic genome during superovulation may disrupt the normal epigenetic 
programming of imprinted loci in somatic tissues and/or epigenetic reprogramming 
in the germ line of ensuing offspring. To prove this hypothesis, they uncoupled 
superovulation from ICSI through subjecting female mice to gonadotropin stimula-
tion and then let them produce offspring by natural mating. It was found that mice 
conceived in this way also showed epimutations and/or epimutant phenotypes in 
somatic tissues and delayed epigenetic reprogramming in spermatogenic cells, 
providing evidence that gonadotropin stimulation contributes to the induction of 
epimutations during ART procedures rather than the ICSI manipulation [ 63 ]. 

 Imprinting has also been proposed as the link between IVF/ICSI and a possible 
increased risk for retinoblastoma. No hypermethylation of the RB1 promoter was 
found in examination of retinoblastoma tumors in seven IVF or ICSI conceived 
children. This demonstrates that an association between IVF or ICSI and retinoblas-
toma through this epigenetic mechanism is unlikely [ 64 ]. 

 However, plenty of evidence concerning the risks of ICSI indicate that 
children born following this procedure are at a higher absolute risk of congenital 
defects (in particular genitourinary defects) and epigenetic syndromes (such as 
Beckwith Wiedemann) [ 65 ]. Bowen et al. compared outcomes of ICSI-conceived, 
IVF- conceived, and naturally-conceived children at 12 months of age, and, observed 
a signifi cantly lower mental development index (MDI) in the ICSI group [ 66 ]. 
Sutcliffe et al. compared 123 ICSI-conceived children with naturally-conceived 
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children at 12–24 months of age. The only difference was a lower eye–hand 
coordination in the ICSI group [ 67 ]. Bonduelle et al. comparing general health 
status of ICSI-conceived, IVF-conceived and naturally-conceived children at 5 years 
of age found that ICSI-conceived children presented with increased numbers of 
major congenital malformations, the most frequent being urogenital [ 68 ]. 

 There are several, possible explanations of increased risks associated with ART 
procedures. Firstly, the use of ICSI suggests the possibility of imprinting defects in 
paternal sperm cells. ICSI and round spermatid injection (ROSI) may increase the 
risk of imprinting disorders and disrupt embryonic development through using 
immature spermatozoa improper imprints or global methylation [ 69 ]. Paternal 
genomic alterations can compromise fertilization rates and embryo viability that 
may result in increased rates of spontaneous miscarriage and birth defects [ 70 ]. 
In the ejaculate of infertile men the percentage of spermatozoa with damaged 
DNA increased compared to healthy fertile donors [ 71 ]. DNA fragmentation of 
morphologically normal sperm reduces embryo quality and probability of preg-
nancy in ICSI cycles [ 72 ]. Using spermatozoa with damaged DNA in ICSI suggests 
that genetic and epigenetic changes during pre-implantation may occur, leading to 
altered fetal development and, as a consequence, offspring with aberrant growth, 
behaviour, early aging and tumours [ 73 ]. Functional bovine sperm with damaged 
DNA can normally fertilize oocytes and no signifi cant effects are observed during 
the fi rst cleavages of the fertilized oocyte. However, embryo fragmentation, apoptosis 
and aberrant or no signs of mitotic spindle formation may also occur [ 74 ]. 

 Sperm with both fragmented and unfragmented DNA can fertilize oocytes 
with equal effi ciency [ 72 ]. However, the activation of the paternal genome on day 3 
can show imperfections within the paternal genome that were not evident upon 
fertilization. More often than not, spermatozoa for ICSI originate in men with 
abnormal semen parameters. Sperm from these men may contain an increased number 
of chromosomal abnormalities, contributing to the overall risk of ICSI procedures 
[ 75 ,  76 ]. One such example stemming from recent investigation demonstrates that 
children conceived via ICSI procedures have signifi cantly shorter fi ngers, possibly 
attributable to perturbations in the paternal genome [ 77 ]. 

 Secondly, the injection of a spermatozoa into the oocyte can disrupt the oocyte’s 
cytoskeleton and bring about epigenetic defects. The pattern of histone methylation 
differs between ART and ICSI in mouse [ 78 ] and even in human [ 79 ]. In rats, 
demethylation dynamics of the paternal genome at pronuclear-stage are impaired when 
ART is used [ 80 ]. Sperm chromatin remodeling after ICSI is more asynchronous 
than ART in mouse embryos [ 81 ]. 

 Van der Heijden et al. stained monopronuclear zygotes (MPZ) derived from ICSI 
or IVF with H3K9me3 antibodies, which allows unambiguous identifi cation of 
parental origin, and, found they originate through fusion of parental chromatin after 
sperm penetration. Monopronuclear zygotes derived from ICSI contain uni-parental 
chromatin, and, after both IVF and ICSI androgenic monopronuclear zygotes were 
found [ 78 ]. 

 Aberrant methylation status lead to further embryonic abnormalities, even-
tually arrest in development, or embryo degenerate. Moreover, A high frequency of 

Y.-M. Zhu et al.



207

aneuploidy and embryo death is induced by the inhibition of histone deacetylation 
during meiosis. Manipulative procedures, such as ICSI, may deteriorate the capability 
of the oocyte to conduct these epigenetic processes correctly, causing abnormal 
embryo development from nuclear–cytoplasmic interactions [ 82 ]. Qiao et al. 
collected tripronuclear and normally fertilized embryos acquired from patients 
undergoing ART. Poor morphological appearances of ICSI-derived embryos that 
were more likely to display H3K9 demethylation than their IVF counterparts [ 79 ]. 

 Yoshizawa et al. studied the timing and extent of the active demethylation of 
paternal genomes among the pronuclear-stage rat zygotes produced in vitro, produced 
in vivo/cultured in vitro, and produced in vivo. They found that demethylation 
dynamics of the paternal genome in pronuclear-stage rat zygotes were impaired by 
routine protocols for in vitro embryo production such as IVF and ICSI [ 80 ]. 

 Ajduk et al. compared remodeling of sperm chromatin, the potential of embryos 
to develop in vitro, synthesis of DNA in mouse embryos gained from IVF and ICSI, 
and, tested whether pretreatment of sperm prior to ICSI facilitates chromatin 
remodeling and deteriorates embryo development. The dynamics of sperm chromatin 
remodeling in ICSI and IVF embryos changed. In ICSI, chromatin remodeling 
was not as synchronous as in IVF. Sperm capacitation before injection enhanced 
remodeling asynchrony and delayed pronuclei formation and DNA synthesis [ 81 ]. 

 Furthermore, the use of ICSI for achieving fertilization may introduce exogenous 
materials and create transgenic offspring. The term transgenic refers to any organism 
whose genome has been altered by the stable integration of a recombinant DNA 
sequence, regardless of the impact that this integration may have on phenotypic 
expression. Animal models have been used to introduce exogenous genetic material 
into the genome via a sperm carrier with the ICSI technique; this has resulted in the 
creation of transgenic mammals [ 83 ], as well as transgenic primates [ 84 ]. It is 
possible for a foreign gene, either DNA or RNA, from protein supplements in culture 
media to be introduced into the oocyte genome by binding to the sperm surface, or, 
by needle-carried medium during the ICSI procedure, resulting in the creation of 
transgenetic embryos. Although verifi cation of transgenesis is lacking in human 
IVF, the possibility of this occurring inadvertently remains a viable concern, 
especially following confi rmation of unwanted transgenesis in the mouse model 
[ 85 ]. Prostasomal DNA transfer into human sperm confi rms this is indeed a cause 
for concern [ 86 ]. 

 Anecdotal reports also suggest that animals conceived through ART that show 
apparent epigenetic defects do not pass these epimutations to following generations 
breeding naturally. De Waal et al. analyzed allele-specifi c DNA methylation and 
expression at three imprinted genes, H19, Snrpn, and Peg3, in somatic cells from 
adult mice generated through ICSI. The results confi rm that ICSI can result in the 
formation of epimutations. While such epimutations may persist indefi nitely in 
somatic cells of the ICSI-derived individuals, they are usually rectifi ed in the germ 
line through epigenetic reprogramming and not transmitted to subsequent genera-
tions [ 87 ]. 

 Ciapa et al. propose the probability that pathways such as those involving 
tyrosine kinases, G-proteins or integrins may be activated besides sperm factor 

10 Assisted Reproductive Technology and Gamete/Embryo-Fetal Origins of Diseases



208

injection, and, there may be upstream mechanisms involved in later embryonic 
development. Although most reports are reassuring, some recent data suggest a 
greater incidence of abnormalities in children conceived by ART compared to those 
conceived normally. Because of the avoidance of membrane fusion and signalling 
events during ICSI, Spatio-temporal signals may be missing or abnormal. They discuss 
the hypothesis that potential perturbations during ICSI may have repercussions for 
epigenetic processes, inducing not only alterations of embryonic development, but 
also diseases in young children and, perhaps, in adults [ 88 ].  

10.4     Preimplantation Genetic Diagnosis (PGD) 

 PGD is a form of prenatal diagnosis in early stage, in which embryos created in 
vitro are analyzed for a certain kind of genetic defects and only embryos free of the 
defects are transferred into the womb. The required disruption of cell-cell contacts 
for biopsy is reported to disrupt its role in embryonic growth [ 89 ]. Suboptimal tech-
niques used for biopsy and fi xation are believed to interfere with the clinical success 
of these techniques. Also, research has shown that biopsies of one or two cells from 
the whole can disrupt the 50 %/50 % ratio of the random X chromosome inactivation 
balance, an epigenetic function [ 90 ]. Disruption of the embryo at any of these 
preimplantation stages may have a negative impact on the subsequent development 
of the remaining cells in the embryo. 

 Logic tells the educated individual that PGD should make for healthier infants 
born from IVF in conjunction with fewer embryos needed to be transferred to 
achieve success in ART. However, studies from the human perspective have 
revealed a range of negative associations and lack of success when associating 
these techniques with live-birth delivery rates. The rate of live-birth delivery in 
women <36 years failed to increase following PGD and single-embryo transfer 
[ 91 ]. In fact, another report, this time using women of advanced maternal age, 
established that PGD not only failed to increase the ongoing pregnancy and 
live-delivery rates but found that it signifi cantly decreased them [ 92 ]. Nevertheless, 
encouraging results could be found in a report assessing the mental development of 
2-year-old children born following these types of biopsies; these children displayed 
no ill effects of any type of treatment when compared with children conceived 
naturally [ 89 ]. 

 As with all other topics, PGD research applications have been extended to the 
mouse model. Very recent publication expressed that neither day 3 biopsy nor 
blastomere biopsy correlates with alterations in preimplantation development or 
global gene expression [ 93 ], although blastomere biopsy is signifi cantly associated 
with premature and sometimes abnormal hatching due to infringement on the zona 
[ 93 ]. However, in a similar time frame, a report surfaced about the association of a 
blastomere biopsy with the increased potential for neurodegenerative disorders in 
the offspring [ 94 ]. Again, this research demonstrates the need for greater knowledge 
concerning this debatable topic before coming to a well-informed conclusion on the 
risks for adult diseases of its application.  
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10.5     Cryopreserved/Thawed Gametes and Embryos 

 Early life events (prenatal and early postnatal events) can initiate long term changes 
in individual’s life, increasing the risk or producing some diseases that could be 
apparent in adulthood. It was described in Barker’s hypothesis “Fetal origin of adult 
diseases”, based on epidemiological studies from birth records in UK, comparing 
birth weight and physical characteristics at birth and subsequent health status later 
in the life of the same individuals. Suboptimal condition for fetal development, 
producing small for age and low birth weight babies, like maternal undernutrition, 
or disproportionately large babies at birth can change physiology and metabolism 
predisposing such organism to cardiovascular and metabolic disease later in the 
life [ 95 ]. 

 The methylation of imprinted genes is erased and reestablished during gameto-
genesis and is maintained throughout pre- and post-implantation development. ICSI 
and PGD manipulate gametes during the phase which is crucial for methylation 
reprogramming, may infl uence the epigenetic stability, and lead to the increased 
risks of adult diseases with fetal origin. 

10.5.1     Effect of Cryopreservation on the Offspring of ART 

 Cryopreservation of embryos and zygotes is widely used in assisted reproduction 
technology (ART), and frozen embryo transfer has become an essential part of ART 
programmes. Although the studies on perinatal and postnatal outcomes of children 
born after frozen embryo transfer are limited, previous fi ndings have confi rmed the 
short-term safety of FET.  

10.5.2     Different Methods Used to Cryopreservation 

 Slow cooling is the oldest method using for cryopreservation of embryos, and 
it is far-ranging used recently. During slow cooling, embryos are usually pre- 
equilibrated in either 1.5M dimethyl sulfoxide or 1.5M propylene glycol at room 
temperature. During the next steps, the concentration of cryoprotectants inside 
and outside the embryos will gradually increase. When the concentration is high 
enough to support glasslike solidifi cation of the cells and the outside solution, at 
temperatures approaching −33 to −40 °C, the cells could then be rapidly exposed 
to much lower temperatures such as −150 °C or lower. To complete these, it costs 
more than 2 h [ 95 ]. Vitrifi cation is a new method which is now commonly applied 
in cryopreservation of embryos in ART. Vitrifi cation is an ultrarapid method of 
cryopreservation whereby the embryo transits from 37 to −196 °C in <1 s, resulting 
in extremely fast rates of cooling [ 96 ]. For cryopreserving embryos in a vitrifi ed, 
glass-like state, high concentrations of cryoprotectants and rapid cooling rates are 
essential. During vitrifi cation, higher rates of cooling and rewarming are key points 
to successes. 
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 A research proved that comparing to slow cooling, vitrifi cation using DMSO/
sucrose had a higher survival rate, while implantation rates were almost identical 
[ 97 ]. But another study showed that the post-thaw survival of vitrifi ed embryos was 
signifi cantly better than those of embryos resulting from slow freezing process. 
And a better pregnancy rate per thawed embryo cycle was observed following 
vitrifi cation [ 97 ]. Using vitrifi cation, the process of embryo freezing is simplifi ed as 
well as the mechanical injury to embryos during the formation of intra- and extra-
cellular ice crystals can be avoided. So a successful vitrifi cation can signifi cantly 
improve the embryo recovery rate and integrity.  

10.5.3     The Birth Weight 

 It was postulated that infants born after frozen-thawed embryo transfer (FET) have 
a higher mean birth weight (BW) than those born after transfer of fresh embryos 
[ 98 ,  99 ]. A study about obstetric outcome in singletons after IVF with cryopreserved/
thawed embryos [ 100 ] found that the rates of large for gestational age (LGA) and 
birth weight >4,500 g were signifi cantly increased for the singletons from the 
cryopreservation cycles, both in comparison with the general population and in 
comparison with singletons from fresh cycles. 

 A large cohort study of infant outcome of 957 singletons born after frozen 
embryo replacement from 1995 to 2006 was done by Pinborg A. from Denmark 
[ 101 ]. This study showed that the mean BW was 205 g higher in Cryo (3,578 ± 625 g) 
as compared with the fresh group (3,373 ± 648 g). But in fi rst-born children, the 
mean BW difference between the Cryo and fresh group was 187 g, and it was 86 g 
when compared with the non-ART group. The risk of low birth weight (LBW; 
<2,500 g) decreased signifi cantly in Cryo versus fresh group in the adjusted 
analyses, but for very low BW (VLBW) risks, there were no statistically signifi cant 
differences between singletons from frozen and fresh cycles. An analysis of 25,777 
children in the national assisted reproduction registry of Japan [ 102 ] found that the 
mean birth weight after FET was signifi cantly higher compared with fresh ET and 
all Japanese births (3,100.7 ± 387.2 g, 3,009.8 ± 376.8 g, and 3,059.6 ± 369.6 g, 
respectively). For sex, the risk of LBW was higher in female neonates compared 
with male neonates. Another study by Shih W [ 103 ] found that the mean birth 
weight in fi rst births was signifi cantly lower, and LBW were more frequent for IVF 
(3,166 ± 676 g, LBW = 11.7 %) and ICSI (3,206 ± 697 g, LBW = 11.5 %) than for 
FET (3,352 ± 615 g, LBW = 6.5 %) and non-ART conceptions (3,341 ± 634, 
LBW = 7.1 %). 

 Although a higher rate of very low birth weight was observed among IVF twins 
from frozen cycles than children from fresh cycles, Cryo ICSI twins had a signifi -
cantly higher mean birth weight than their fresh peers [ 99 ]. In addition, there was no 
difference in very low birth weight rate between cryo IVF and cryo ICSI. 

 In Australian and Swedish studies the low birth weight rate in singletons was 
signifi cantly lower for children born from cryopreserved embryos than children 
born after fresh cycles [ 103 ,  104 ]. In the former study, singleton fi rst babies born 
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after fresh embryo transfer had a lower mean birthweight than those born after cryo-
preservation [ 103 ]. And for twins, low birthweight rates in frozen cycles were lower 
than fresh cycles [ 103 ]. 

 Many factors may result in low birthweight, including fetal sex, birth defects, 
parity and maternal age. Culture media may also affect perinatal outcome including 
low birthweight [ 105 ]. Culture in Cook’s medium after fresh transfer resulted in 
singletons with lower mean birthweight, and, more singletons with low birthweight, 
when compared to singletons born after culture in Vitrolife AB medium. Inter- related 
health, lifestyle and socio-economic factors may also be important but the reason 
why the risk for low birthweight in FET was signifi cantly lower than fresh ET 
continues to be studied. In FET cycles, supplements of oestrogen and progesterone 
may improve the uterine environment leading to better development of the placenta, 
subsequent fetal growth, and heavier birth weight. Ovarian stimulation is one of the 
causes of differences in mean birthweight following fresh ET and FET cycles. 
Birthweight was also affected by the duration of embryonic culture, the medium for 
culture and the procedure of freezing and thawing.  

10.5.4     Preterm Birth Rate 

 A systematic review of children born after cryopreservation of embryos [ 106 ] shows 
that the preterm birth rate (PBR; <37 weeks) for cryopreserved singletons varies 
between 9.2 and 12.0 %. And the corresponding PBR for fresh IVF/ICSI singletons 
varies between 7.4 and 14 %. In the Swedish and the Australian studies [ 103 ,  104 ], 
the PBR in singletons was signifi cantly lower for children born after cryopreservation 
than children born after fresh cycles. Although in other studies, there were no sig-
nifi cant differences in preterm birth rates. 

 The Danish cohort study showed that, in singletons after frozen cycles, gestational 
age was 2.4 days longer when compared with the fresh group. The risk of preterm 
birth decreased signifi cantly in cryo versus fresh groups, but for very preterm 
birth (<34 weeks), there were no signifi cant differences. A systematic review and 
meta-analysis of perinatal outcomes in singleton pregnancies resulting from FET 
versus fresh ETs [ 107 ] shows that relative risks (RR) of having a delivery at 
<37 weeks was 0.84 in singleton pregnancies after FETs, when compared to those 
after fresh ETs with a risk of 2 %. However, when compared to singletons from the 
general population, signifi cantly higher rates of extreme preterm birth (<28 weeks) 
were found in singletons from cryopreserved cycles [ 100 ]. 

 For twins, the PBR for infants born after cryopreservation, varies between 33 and 
62 %, while for “fresh” twins, it was between 47.6 and 61.3 %. Although there 
were no signifi cant differences between “frozen” and “fresh” ICSI, a study found a 
signifi cantly higher PBR for “frozen” versus “fresh” IVF twins [ 99 ]. But in other 
studies no signifi cant differences were found between these groups of twins. 

 To explore the association between infertility and preterm birth, Basso et al. 
[ 108 ] examined the relationship in various subsets of the study population, after 
combining data for primiparas and multiparas. When excluding women aged 
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>30 years or restricting the samples to women with a BMI of 20 ± 24.99, or with 
regular menstrual cycles of 27 ± 31 days, or nonsmokers, the results were similar to 
those before. It is proposed that the fetus determines the length of gestation, whereas 
mother’s size determines the size of the baby at birth.  

10.5.5     The Sex Ratio 

 The sex ratio of neonates may be associated with genetics, differential survival of 
male fetuses in utero, and, other intrapartum factors. In the Danish cohort study, the 
male sex ratio of Cryo-ICSI was 57.0 %, and it was 48.9 % in the fresh-ICSI group 
[ 101 ]. In previous reports, the use of ICSI was associated with a decrease in the sex 
ratio of male infants [ 109 ] though the reasons for the sex-ratio imbalance remain 
unclear. One report suggests over-use of ICSI as there is a general disruption in 
genomic imprinting during the process of ICSI, while others suggested differential 
death of male and female embryos in the early stages of embryogenesis. Sperm 
separation procedures or culture media may also affect the sex ratio of the children 
from cryo and fresh ETs [ 110 ]. A study of the effect of energy sources during culture 
on the development of in vitro bovine embryos, demonstrates that the energy sub-
strate during in vitro culture affects both the production and viability of blastocysts. 
Furthermore, manipulating the metabolic profi le of embryos during in vitro culture 
may have an impact on sex ratio [ 111 ]. 

 If some component of the fresh-ICSI procedure are likely to cause reductions in 
the male sex ratio, other components drawing in the opposite direction may cause 
an increased male sex ratio in Cryo-ICSI children. A comparison of the offspring sex 
ratio between fresh and thawed blastocyst transfer (BT) fi nd a signifi cant sex- ratio 
imbalance towards female offspring from thawed BT, compared with those from 
fresh BT. In the subgroups of either singleton or multiple deliveries, the female-to-male 
ratio increased signifi cantly in the thawed BT group [ 112 ]. Such fi ndings may be 
associated with iatrogenic factors including the embryo morphology selection 
strategy. Because top-quality embryos are selected by experienced embryologists 
and then given priority for fresh cycle transfer, most of the thawed embryos are also 
fresh cycle transfers.  

10.5.6     Birth Defects and Mortality 

 A summary of 17 studies show that the rate of congenital malformations in all 
frozen cycles varies between 0.7 and 8.6 %, and, the corresponding fi gures for 
fresh cycles varied between 0.7 and 8.7 % [ 102 ]. Although adjusted risk differences 
in malformation rates between cryopreserved and fresh or non-ART were not 
found in the Danish cohort study, there was a tendency for highest rates in fresh 
and lowest rates in non-ART, with cryopreserved somewhere in between [ 101 ]. 
The rates of total malformations, particularly cardiac and musculoskeletal, increased 
in fresh and cryopreserved versus non-ART though there were no signifi cant 
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differences of weeded malformations or any specifi c organ system problems 
between cryo-ICSI and cryo-IVF. There were no signifi cant differences in rates of 
mental retardation and cerebral palsy in cryopreserved compared to either fresh 
or non-ART groups. The Swedish study showed similar results, and, no signifi cant 
difference was found between frozen and fresh cycles when adjusting for year of 
birth, maternal age and number of infants born [ 104 ]. But in the Belgian study, 
malformations were more frequent in cryo-ICSI liveborns (6.4 %) compared to 
cryo-IVF liveborns (3.1 %) and fresh-ICSI liveborns (3.4 %) [ 99 ]. And there was a 
signifi cantly higher rate of malformations in the total cryopreserved group, 
compared to the total fresh group. Compared to fresh-ICSI, pre- and post-natal rates 
of chromosome aberrations in cryo-ICSI were similar. In the study by Olson [ 113 ], 
compared with fresh IVF/ICSI twins, only in cryo IVF/ICSI twins higher malfor-
mation rates were found. 

 With regard to perinatal mortality, there were no differences between singletons 
and twins from fresh and frozen cycles in a UK study [ 103 ], while a signifi cantly 
higher perinatal mortality rate for singletons from fresh versus frozen cycles in an 
Australian study. Although the crude fi gures for most obstetric measures were better 
for cryo-ICSI compared with cryo-IVF, no statistically signifi cant differences were 
found between the two groups. 

 An increased risk of congenital malformations after IVF is largely independent 
of preterm births, which is associated with the upper respiratory tract infections, 
convulsions, and accidents. It seems unlikely that IVF itself increases the risk of these 
problems. Compared with parents of spontaneously conceived children, parents of 
IVF children are more likely to ask for medical help for less severe conditions, and 
that may affect hospitalization for these conditions and contribute to elevated risks 
for children born preterm.  

10.5.7     Growth and Childhood Morbidity 

 Data are limited for growth, childhood morbidity and mental development, and, few 
differences were found between children born after frozen and fresh embryo transfer. 
In a Swedish study, 255 children from cryopreserved embryos were followed up to 
18 months, and growth was normal. No differences were found between children 
from fresh and frozen embryos or spontaneous pregnancies. In the questionnaire 
study by Nakajo et al. including 78 born after IVF, 343 children born after ICSI and 
81 after cryopreservation, the children were followed up to 2 years old [ 114 ]. For 
singletons, growth was similar to non-ART children, however, compared with 
naturally- conceived singletons, the growth of IVF, ICSI and cryo multiples was 
signifi cantly delayed but had caught up by 6 months of age. 

 In a study of 16,280 children born after IVF with a median follow-up time of 
5.5 years, which included 1,474 children from frozen embryos, three children in this 
group had a cancer diagnosis. In another study, there was no difference in the preva-
lence of chronic disease at 18 months of age among the cryopreserved, fresh IVF 
and naturally-conceived groups.  

10 Assisted Reproductive Technology and Gamete/Embryo-Fetal Origins of Diseases



214

10.5.8     Cryopreservation of Zygotes 

 Clinical applications for oocyte cryopreservation include fertility preservation in 
cancer patients, oocyte accumulation in low-responder patients, ovum donation 
programs, fertility preservation for social reasons, minimization of ovarian hyper-
stimulation syndrome risk, and surplus oocyte storage after controlled ovarian 
stimulation when embryo cryopreservation is not feasible [ 115 ]. There is no signifi -
cant difference in the potential of fertilization, embryogenesis, and pregnancy 
between from oocytes derived from vitrifi cation warming cycles and from that of 
fresh oocytes. But there are rare reports of offspring’s ill-health following oocyte 
cryopreservation. 

 Children born after cryopreservation have a better outcome as compared to those 
born after fresh transfer. The risks of low birthweight and preterm birth are signifi -
cantly lower in infants from FET than those from fresh ETs. The caesarean section 
rate is signifi cantly higher in the cryopreserved than the fresh groups, and is almost 
doubled compared with the non-ART group. The difference of sex ratio between 
frozen and fresh transfer is mostly in ICSI and blastocyst. For the birth defects and 
mortality, there were no signifi cant differences for children from frozen and fresh 
transfer, but all have a higher risk than non-ART children. The long term follow-up 
investigations of FET children have found no signifi cantly adverse outcomes; 
however, the data are limited. Prospective studies are necessary to fully evaluate the 
outcomes of FET.   

10.6     Conclusions 

 Superovulation, in vitro culture, IVM, ICSI, embryo biopsy and cryopreservation, 
may all contribute to increased risks of adult diseases. Large, prospective, epide-
miological studies to systematically assess the potential risk factors associated with 
adult diseases will be necessary to establish precise risks.     
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