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Abstract:

Maternal perturbations or sub-optimal conditions during development are now
recognized as contributing to the onset of many diseases manifesting in adulthood. This
“developmental programming” of disease has been explored using animal models
allowing insights into the potential mechanisms involved. Impaired renal development,
resulting in a low nephron number, has been identified as a common outcome that is
likely to contribute to the development of hypertension in the offspring as adults.
Changes in other organs and systems including the heart and the hypothalamic-pituitary-
adrenal axis (HPA) have also been found. Recently, evidence has emerged suggesting
epigenetic changes may occur as a result of developmental programming and result in
permanent changes in expression patterns of particular genes. Such epigenetic
modifications may be responsible not only for an increased susceptibility to disease for
an individual, but indirectly for the establishment of disease state in a subsequent
generation. Further research in this field, particularly examination as to whether
epigenetic changes to genes affecting kidney development occur, are essential to

understanding underlying mechanisms of developmental programming of disease.
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Introduction

Hypertension is a major risk factor for the development of cardiovascular disease (CVD)
and a common complication of other metabolic disorders such as obesity and type-2
diabetes. These chronic diseases are prevalent in society with more than 30% of adults in
the U.S.A. having been diagnosed as suffering from hypertension [1, 2]. Subsequent to
findings linking low birth weight to an increased risk of mortality from cardiovascular
disease [3], it is widely accepted that the conditions in utero and early postnatal life play
a role in a predisposition to adult disease by a process referred to as ‘developmental
programming’ or the ‘developmental origins of health and disease’ [2, 4, 5]. However,
the mechanisms by which an altered prenatal / perinatal milieu results in adult
pathophysiology are incompletely understood.

Developmental programming of disease has been explored using animal models
with studies demonstrating that many prenatal / early neonatal perturbations, including
maternal dietary restrictions, placental insufficiency and excess glucocorticoid exposure,
can result in low birth weight and the subsequent development of hypertension in the
offspring [6]. Impaired development of the heart, kidney, brain and vasculature has been
identified in the developing fetus following perturbation. In particular, the kidney seems
to be exquisitely sensitive to insult during development with reduction in nephron
endowment found in a variety of experimental models [6]. Similarly, such perturbations
have also been shown to alter gene expression in a variety of affected organs. Whilst
some of these gene changes are transient, other gene changes appear to persist and are
thought to contribute to the disease phenotype. A suggested mechanism for such

prolonged or permanent changes in gene expression occurring due to developmental



programming is epigenetic modification of the genome [7, 8]. Such modifications enable
alterations in the expression of genes to occur without any change in the DNA sequence.
Epigenetic modifications may also be responsible for the transmission of a phenotype to a
subsequent generation [8, 9]. However, care must be taken to distinguish between an
inherited epigenetic cause and the influence of an altered prenatal environment for any
transgenerational phenotype. This review will encompass a discussion of the emerging
experimental evidence that prenatal perturbations result in epigenetic changes with a

focus on links to the development of a hypertensive phenotype.

Prenatal programming of hypertension

The concept that an individuals’ risk of developing hypertension may be due, at least in
part, to the environment they were exposed to in utero has been thoroughly explored in
longitudinal human studies [2, 3, 5] as well as in a wide variety of animal models [2, 4,
6]. Human epidemiological studies have shown a correlation between birth weight and
blood pressure in adulthood with a lower birth weight for gestational age being associated
with increased blood pressure in later life. This association exists not just for babies with
documented intrauterine growth restriction but across a range of normal birth weights
[10]. Mechanisms underpinning the susceptibility to hypertension have been extensively
investigated in animal models and include altered vascular reactivity [11, 12], reduced
cardiomyocyte number in the heart [12], altered regulation of the hypothalamic-pituitary-
adrenal (HPA) axis [13] and reductions in nephron endowment [6] (see Figure 1).
Impaired renal development and a low nephron number is a strikingly common finding in

a range of animal models highlighting the extreme vulnerability of the kidney to prenatal



insult. Reductions in nephron endowment (and thus filtration surface area) are thought to
limit the ability to excrete sodium resulting in an expansion of blood volume and
ultimately hypertension as proposed by Brenner [14]. Reductions in nephron endowment
may be compounded by changes in the renal renin-angiotensin system and sodium
transporters within the kidney resulting in altered control of fluid and electrolyte balance
(reviewed in 6). In some studies the nephron deficit alone is insufficient to cause
hypertension, leading to the concept that a ‘second hit’, often a poor lifestyle (a high salt

or high fat diet for example), is required to unmask disease susceptibility [6].

What are epigenetic changes?

DNA-encoded transcription factor binding sites play a critical role in regulating gene
expression by enabling binding of proteins that activate or repress transcription at nearby
loci. However, the presence of a genetically-encoded binding site and accompanying
transcription factor are not the only factors that determine whether a gene is activated or
repressed. Epigenetic modifications, such as DNA methylation or histone modifications,
are involved in regulating gene activity by altering the structure or accessibility of a
genomic region [15]. These modifications are considered to be ‘epigenetic’ because they
affect transcription without changing the underlying nucleotide sequence. The most
common modifications of histone proteins include acetylation or methylation of
individual amino acids, notably lysine (K)9 and K14 of the tail of the histone H3 protein.
However histone proteins can also be modified via sumoylation, ubiquitinylation and
phosphorylation [16, 17]. In general, increased histone aceytlation results in

transcriptional activation, decreased acetylation results in transcriptional repression,



whereas histone methylation can cause either repression or activation depending upon the
gene locus involved. Such modifications are introduced by specific histone modifying
enzymes, including histone acetyltransferases (HATS) in the case of acetylation. The
other common epigenetic alteration is DNA methylation of cytosine to 5-methylsytosine,
frequently within the cytosine-guanine rich CpG islands within the promoters of genes.
Again, this is mediated by specific enzymes, the DNA methyltransferases, some of which
are involved in the initial establishment of the DNA methylation pattern and others
involved in maintenance of methylation. Methylation of the DNA sequence can result in
local conformational changes that either increase or decrease the accessibility of that gene
promoter to the proteins involved in regulating transcription from that locus. DNA
methylation of promoter regions generally correlates with transcriptional repression [16,
17]. Thus, factors affecting methylation status have the potential to alter gene expression

and subsequent development [8].

Epigenetic modifications are a necessary part of normal embryonic development. There is
a major wave of DNA demethylation that occurs soon after fertilization followed by a
wave of methylation in the blastocyst that is critical for resetting the imprinting of the
genome. Epigenetic modifications to gene expression also play a key role in ensuring
appropriate cellular differentiation such that only the required genes are expressed in a
given cell type. Epigenetics is also required to compensate for gene dosage between
males and females, a process called X-inactivation, and in maintaining the allele specific
expression of a set of ‘imprinted’ genes whose expression only occurs from a specific

parental allele [18-20]. Once established, epigenetic modifications are stable throughout



cell division, and thus are thought to be one way that cellular identity is maintained [21].
DNA methylation for example, is maintained throughout cell division by DNA
methyltransferase 1, which recognizes the methylation status of the template strand and
replicates it on the newly synthesized strand [22, 23]. Despite an understanding of the
enzymes involved, little is known about what targets epigenetic modifications to specific
sites in the genome. However, disruption to such processes is known to occur in disease
states and has more recently been observed in association with perturbation of the
environment during development. What remains to be determined is whether the
epigenetic changes observed result from physiological perturbations, or do the epigenetic

changes themselves induce these perturbations to occur.

Are epigenetic marks inherited across generations?

The epigenetic landscape of a genome is comprehensively re-set twice in a lifecycle;
once in the germline, and again in the early embryo [21]. The first phase of
reprogramming occurs when germ cells complete their migration through the early
embryo to the developing gonads. The germ cells carry epigenetic information including
paternal imprints that are established in the blastocyst [24]. After entering into the gonad,
most genomic elements undergo a rapid loss of DNA methylation and repressive histone
marks [25]. The one exception to this clearing event is retrovirus/retrotransposon-derived
long terminal repeat regions (LTR), which retain a portion of their previous methylation,
presumably to suppress activity of these elements [23, 26]. The second phase of
reprogramming occurs in the early embryo. Shortly after fertilization, the paternal and

maternal haploid genomes are rapidly, but separately cleared of DNA methylation and



undergo a raft of accompanying histone modifications [16]. However, again, some
retrotransposons and imprinted sequences maintain their methylation through this process
[27-29]. It is this dual genome-wide epigenetic reprogramming that hinders direct

transmission of epigenetic information between generations.

Evidence of epigenetic changes due to fetal programming

Epigenetic changes have been found in both human and animal studies following
perturbations in the prenatal environment. Whilst epigenetic changes and physiological
changes have not generally been examined within a single study, it is possible to draw
strong links between these outcomes from data reported in a number of animal models. In
models of programmed hypertension, many epigenetic modifications occur within
regulatory regions of genes influencing the HPA axis including the glucocorticoid
receptor [30]. Epigenetic changes have also been found after induction of disease models
in genes of the renin-angiotensin system (RAS) in the adrenal [31], as well as other genes
in the kidney [32], pancreas [33, 34], liver [30, 35] and placenta [36]. A summary of
these findings are shown in table 1. It should be noted that most of these findings are

from relatively small cohorts and require subsequent validation in larger studies.

Hypothalamic-pituitary-adrenal axis

In humans, it has been demonstrated that maternal mood, in particular depression, can
influence the methylation status of the NR3C1 (glucocorticoid receptor) gene in DNA
collected from umbilical cord blood. Infants of mothers who were classified as depressed

during the third trimester of pregnancy showed increased methylation of the CpG3



binding region of NR3C1, which was associated with an increased response to stress,
measured by salivary cortisol, at three months of age [37]. A very recent study has shown
these prenatal effects may be long lasting; adolescents (10-19 years) of mothers who
were subjected to violence during pregnancy had increased methylation of the
glucocorticoid receptor [38].

In animal models, the HPA axis has been shown to be affected developmentally
during both fetal and early neonatal environmental manipulation. Excess prenatal
glucocorticoid exposure results not only in hypertension but an altered sensitivity of the
HPA to stress (for review see [39]). In addition to the prenatal environment, the HPA axis
has been shown to undergo induced epigenetic changes postpartum in rodents [40].
Maternal behaviour, characterised by licking, grooming and arched-back nursing (LG-
ABN) of their pups, was shown to influence the methylation status of the glucocorticoid
receptor in the hippocampi of the offspring. Mothers classified as low-LG-ABN had
offspring that had increased methylation of specific glucocorticoid receptor promoter
DNA sequences compared to high-LG-ABN offspring. Cross fostering the pups within
12h of birth to a mother in the opposite group resulted in the methylation status of the 5’
CpG dinucleotide in the offspring being identical to that of the biological offspring of the
rearing mother. In other words, pups born to low-LG-ABN cross-fostered to high-LG-
ABN mothers exhibited similar methylation status as pups born and reared by high-LG-
ABN dams and vice versa. The difference in the response to a restraint stress was also
significantly different between low-LG-ABN and high-LG-ABN offspring, with higher
plasma corticosterone levels in the low-LG-ABN offspring. In addition, administration of

the histone deacetylase inhibitor, trichostatin A (TSA), to the neonatal brain prevented



the effects of the poor maternal behaviour. This experimental data elegantly illustrates the
role that neonatal environment plays in shaping the epigenome and the impact a
suboptimal environment can have on adult physiology.

Maternal alcohol consumption has also been identified as having a detrimental
impact upon the development of the fetal HPA axis with effects on the stress response
and hormonal systems persisting into adult life [41]. Recent experimental evidence linked
prenatal alcohol exposure to epigenetic changes in the developing Agouti mouse [42] as
in separate studies in the rat, to a nephron deficit and hypertension in offspring [43].
Hence, maternal alcohol consumption should be added to the list of maternal
perturbations that have the possibility of causing epigenetic changes and hypertension in

offspring.

Kidney and adrenal
Epigenetic changes have been seen in the kidney following uteroplacental insufficiency
in the rat, including a decrease in CpG methylation of the p53 promoter resulting in
increased expression of p53 MRNA levels. This was associated with increased apoptosis
and a reduction in glomerular number [32]. In separate studies, this same maternal
perturbation resulted in the development of hypertension [44]. Maternal undernutrition in
the baboon has been shown to lead to decreased global DNA methylation in the kidney at
mid gestation but increased methylation late in gestation [45]. The long term effects of
such changes have yet to be examined.

Epigenetic changes in the RAS have been observed in the adrenals of offspring of

rats fed on a low protein diet from conception. The type 1 angiotensin Il receptor subtype



b (AT1b) promoter was hypomethylated compared to control, resulting in increased
AT1b mRNA expression at 12 weeks of age [46]. Interestingly, when a similar
experiment was performed with the administration of metyrapone, an 11 B-hydroxylase
inhibitor that blocks the formation of corticosterone in the rat, for the first 14 days of
pregnancy the methylation status of the AT1b promoter region was indistinguishable
from control levels. Systolic blood pressure, which was elevated in the low protein diet
offspring, was also returned to control levels with metyrapone administration [31]. This
data highlights the susceptibility of the RAS to epigenetic change and suggests a
glucocorticoid mediated role in RAS gene promoter methylation status. During
development, the RAS is essential for normal kidney development and genetic deletion or
mutation of any component of the system can lead to renal abnormalities [6]. Alterations
in renal gene expression of components of the RAS have been consistently demonstrated
in models of developmental programming including excess glucocorticoid exposure in
the sheep [47] and rat [48], maternal protein restriction in the rat [49, 50] and mouse [51],
as well as models of utero-placental insufficiency [49, 52]. We have suggested that these
changes in the RAS may contribute to the nephron deficit and the hypertensive
phenotyope [6]. Whilst no studies have examined epigenetic changes in the RAS in
kidneys following maternal perturbations, recently it has been shown that the ability of
angiotensin Il to induce branching morphogenesis in the kidney is epigenetically
controlled via histone deacetylase activity [50].

In light of the evidence of epigenetic alterations of the RAS in the adrenal [31, 46],
epigenetic modifications may account in some part for the changes in the RAS seen

across a diverse range of experimental models. Given the critical role of the kidney in the



programming of disease, this area warrants further investigation.

Metabolic tissues

Other organs and tissues which play a role in metabolic activity and regulation, such as
the liver and pancreas, have also been shown to exhibit epigenetic modifications
modifications in response to prenatal challenge. In a rat model of maternal protein
restriction from conception until birth, the offspring had a 21% decrease in CpG
methylation of the hepatic peroxisome proliferator-activated receptor a (PPARa)
promoter and a 23% decrease in the methylation of the hepatic glucocorticoid receptor
promoter, with a corresponding increase in mMRNA expression for both genes [35]. These
genes influence carbohydrate and lipid metabolism which could have a profound impact
upon glucose homeostasis and adiposity. This may in turn increase the risk of developing
insulin resistance, type 2 diabetes or obesity, all key factors in the onset of hypertension.
Strikingly, the methylation status of the promoter for PPARy, (the dominant PPARYy
isoform expressed in the liver) was unchanged, highlighting the specificity of DNA
methylation for certain genes and their associated promoters rather than evoking a model
in which there is a global change in methylation status. Lillycrop et al. (2007) [30]
subsequently found a decrease in DNA methyltransferase type 1 (Dnmtl), a finding also
observed in the kidney after a maternal low protein diet [32]. The reduction in the
expression Dnmtl might be a common mechanism allowing for the hypomethylation of
specific promoters across many tissue types or organisms. A recent study in the baboon
has shown maternal food restriction results in hypomethylation of the PCK1 promoter

and increased PCK1 mRNA expression levels in the liver [53]. As PCK1 encodes for



phosphoenolpyruvate carboxykinase 1 (PEPCKZ1), this epigenetic change resulted in
increased PEPCK1 protein which may, in the long term, contribute to altered

gluconeogenesis in offspring.

Placenta

Epigenetic changes in the placenta have also been found which may indirectly result in
hypertensive offspring. These changes often relate to the imprinted insulin-like growth
factor Il (1gf2) gene. IGF2 is extremely important to both placental and fetal growth and
lower expression of this gene as a result of epigenetic mechanisms may have lifelong
consequences [54]. Of importance, the IGF2 gene itself, and adjacent genes such as H19,
fall within an imprinted control region such that these genes are normally only expressed
off a specific parental allele. For example, IGF2 is only expressed from the paternally
inherited (and methylated) IGF2 allele while H19 is only expressed from the maternally
inherited (and unmethylated) allele [55]. Overgrowth disorders such as Beckwith-
Wiedemann syndrome [56], and cancers such as Wilms’ tumour [57] are associated with
the reactivation of the silenced parental allele of these genes. In humans, this specific
imprinting is mediated via the imprinting control region 1, the region which regulates the
expression of the H19 and IGF2 genes. The placentae of intrauterine growth restricted
infants displayed an inappropriate hypomethylation of this region, which would result in
suppression of the normally active paternal allele of IGF2 [36]. However, whole genome
methylation was not affected nor were there any changes in the other imprinted loci on
chromosome 11pl15 [36]. Maternal ethanol exposure in the mouse resulted in a

demethylation of the H19/IGF2 domain compared to control causing both the embryo



and the placentae to be growth retarded compared to control [58]. This suggests a
particular susceptibility of the DNA in the IGF2 encoding region to hypomethylation in
the developing placenta. This may represent a feedback loop to reduce IGF2-mediated

growth in the presence of placental insufficiency [36].

Do epigenetic changes explain intergenerational programming?

At first glance it would appear that epigenetic modifications may play a principal role in
programming of disease across generations [59]. However, as discussed above, most
epigenetic marks are cleared and reset during early embryonic development. Therefore,
persistence of an aberrant parental epigenetic state in the genome of the offspring
requires that epigenetic state to escape reprogramming or be re-established after
fertilisation in the next generation. In one example of intergenerational reprogramming,
male offspring of females exposed to the synthetic glucocorticoid, dexamethasone, in
utero, but who were subsequently left unmanipulated, exhibited a reduced birth weight
and reduced glucose tolerance, as well having elevated levels of the hepatic
gluconeogenic enzyme, PEPCK [59]. However, these changes did not persist into an F3
generation. Epigenetic changes to the endogenous glucocorticoid system have been seen
in offspring whose prenatal environments were normal but whose neonatal environmental
conditions were suboptimal [40]. Any change that resulted in offspring, particularly
female offspring, having higher circulating glucocorticoid levels or an impaired
glucocorticoid feedback mechanism persisting into adulthood clearly engenders a
suboptimal intrauterine environment, with the potential to propagate fetal programming

to the next generation.



Although evidence of epigenetic modifications in the programming literature has
been growing increasingly over the last few years, there is little evidence to support direct
transmission of disease-causing epigenetic marks across generations. Furthermore, many
of these studies have not been extensively followed up using larger cohorts to validate
initial findings. A more likely model is the propagation of disease through suboptimal
prenatal environment. Uteroplacental insufficiency has been reported to induce selective
vascular dysfunction of the uterine vessels in female offspring at 18 months of age [11].
The animals were 10-15% growth restricted, but as adults were normotensive and had
preserved function in their mesenteric, renal and femoral arteries. However, the females
born small had increased stiffness, decreased smooth muscle relaxation and an increased
deposition of thick collagen fibres in their uterine arteries. These alterations could clearly
have an impact upon the ability to deliver nutrients and oxygen to any future developing
fetus in the uterus, possibly leading to a second generation of growth restricted offspring.
Whilst it is possible that the uteroplacental insufficiency offspring may also carry
epigenetic modifications, cross-transfer experiments would be required to rule out the

influence of the uterine environment on this phenotype in a subsequent generation.

Conclusion

Epigenetic modifications have been shown to impact upon the expression of key
regulatory genes in organs and systems responsible for the maintenance of blood
pressure, such as the kidney, RAS and HPA axis in animal models. There is also evidence
that the human epigenome is susceptible to environmental influences. Epigenetic

modifications contribute to lasting changes within an individual and can propagate



disease states through creating a suboptimal uterine environment for the next generation.
However, the molecular evidence for germline transmission of epigenetic modifications
that have a direct bearing on fetal programming is lacking. The epigenetic modifications
involved in prenatal programming of adult onset diseases, including hypertension and
metabolic disease, are specific to the model used, the timing of the insult, the tissue, and
gene of interest. Our understanding of the extent and role of these modifications will
benefit from genome-wide studies of the changes involved. It has been demonstrated in
the rat that disease-causing epigenetic changes brought about during early life can be
circumvented either by a change to a more favourable environment (cross-fostering) or
through pharmacological intervention [59].

Currently the vast majority of fetal programming studies have tended not to look at
what role, if any, epigenetic alterations may have played in their phenotypic outcomes.
This should become more of a focus given that multiple studies now present plausible
evidence that epigenetic modifications influence and propagate developmental
programming of disease. Care needs to be taken in designing robust experimental
protocols including the validation of epigenetic modifications in large cohorts and
following a range of prenatal insults. By doing so, our understanding of the mechanisms
that lead to disease programming would be enhanced, and could reveal novel biomarkers
present in individuals at risk, or new therapeutic options for the treatment of

hypertension.
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Table 1: Some reported epigenetic changes following prenatal insults in humans and models of developmentally programmed disease

Epigenetic change Tissue Species Prenatal/postnatal insult Study size  Reference
Changes in the glucocorticoid receptor/promoter

Increased methylation Cord blood Human Maternal depression during pregnancy 82 37
Increased methylation blood Human Maternal abuse during pregnancy 25 38
Increased methylation Hippocampus  Rat Poor maternal care during lactation 20 40
Decreased methylation of GR1(10)promoter Liver Rat Maternal low protein diet 15 litters 30
Changes in kidney/adrenal

P53 promoter Kidney Rat Uteroplacental insufficiency 24 litters 32
Decreased methylation of the

AT1b receptor Adrenal Rat Maternal low protein diet 22 46
Changes in genes regulation metabolism

Decreased methylation of PPARa Liver Rat Maternal low protein diet 15 litters 35
Decreased methylation of PCK1 promoter Liver Baboon Maternal food restriction 13 53

Changes in the placenta

Hypomethylation of the imprinting

Control region — 1 (ICR1) Placenta Human Fetal growth restriction (all causes) 73 36
Demethylation of H19/IGF2 domain Placenta Mouse Prenatal alcohol exposure (causing IUGR) 10 litters 58



Figure Legend:

Figure 1: Representative overview of how in utero environmental stressors on the
fetus have been implicated in the development of hypertension, chronic vascular
disease and chronic kidney disease during adulthood. Both physiological changes in
organ function and development together with molecular changes affecting the
epigenetic status of key genetic pathways have been recorded, however the etiology
of these changes and how they are interrelated remains unclear.
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Figure 1. Representative overview of how in utero environmental stressors on the fetus
have been implicated in the development of hypertension, chronic vascular disease and
chronic kidney disease during adulthood. Both physiological changes in organ function
and development together with molecular changes affecting the epigenetic status of key
genetic pathways have been recorded, however the etiology of these changes and how
they are interrelated remains unclear.



