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Abstract
During the early stages of the development of the living multiorgan systems, genome modifications other than sequence 
variation occur that guide cell differentiation and organogenesis. These modifications are known to operate as a fetal pro-
gramming code during this period, and recent research indicates that there are some tissue-specific codes in organogenesis 
whose effects may persist after birth until adulthood. Consequently, the events that disrupt the pre-established epigenetic 
pattern could induce shifts in organ physiology, with implications on health from birth or later in adult life. Chronic kidney 
disease (CKD) is one of the main causes of mortality worldwide; its etiology is multifactorial, but diabetes, obesity, and 
hypertension are the main causes of CKD in adults, although there are other risk factors that are mainly associated with an 
individual’s lifestyle. Recent studies suggest that fetal reprogramming in the developing kidney could be implicated in the 
susceptibility to kidney disease in both childhood and adulthood. Some epigenetic modifications, such as genome methylation 
status, dysregulation of miRNA, and histone coding alterations in genes related to the regulation of the renin-angiotensin axis, 
a common denominator in CKD, may have originated during fetal development. This review focuses on epigenetic changes 
during nephrogenesis and their repercussions on kidney health and disease. In addition, the focus is on the influence of envi-
ronmental factors during pregnancy, such as maternal metabolic diseases and dietary and metabolic conditions, as well as 
some sex differences in fetal kidney reprogramming during which dysregulation of the renin-angiotensin system is involved.
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Introduction

Chronic kidney disease (CKD) is a major cause of morbidity 
and mortality in adulthood. High blood pressure, diabetes, 
family history, and ethnicity have been identified as the main 
risk factors associated with the onset of CKD. By contrast, in 
the pediatric population, a CKD prevalence of 15–75 cases 

per million children is reported, and the main causes include 
congenital anomalies of the kidney and urinary tract and 
hereditary nephropathies [1]. From the early developmental 
stages of living multiorgan systems, a series of finely coordi-
nated cellular events take place for the determination of the 
patterns of growth, differentiation, and formation of the dif-
ferent organs and tissues, which is known as fetal program-
ming [2, 3]. Both intrinsic and environmental factors during 
critical developmental stages can shift the pre-set cellular 
pathways with negative consequences not obvious at birth, 
but that could manifest themselves soon thereafter or even 
into adult life. This constitutes the core of the developmental 
origins of health and disease (DOHaD) hypothesis [3]. Stud-
ies in past decades have provided important clues that point 
to epigenetic modifications during kidney morphogenesis 
as a possible cause of kidney disease. Cumulative evidence 
suggests that certain stressing situations during early gesta-
tional stages could disturb the epigenomic pattern of a cell’s 
lineage, shifting the original fetal programming, which in 
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turn could persist into adulthood and lead to disease [2]. 
These epigenetic changes, collectively referred to as kid-
ney fetal reprogramming, include early molecular events 
that can confer increased susceptibility to common diseases 
such as CKD. Recent experimental and epidemiological 
studies indicate a dysregulation of the renin-angiotensin sys-
tem (RAS), a pivotal kidney-function pathway, due to fetal 
reprogramming and whose consequences are not manifested 
until adulthood. This review will focus on recent advances in 
the understanding of the epigenetic modifications affecting 
RAS regulation. In addition, the focus is on the influence of 
environmental factors during pregnancy, such as maternal 
metabolic diseases and dietary and metabolic conditions, as 
well as some sex differences during fetal kidney reprogram-
ming, during which dysregulation of the RAS is involved.

Nephrogenesis, fetal programming, 
and epigenetics

At birth, kidney development is complete. The establishment 
of more than one-half of the nephron pool occurs during 
the second trimester of pregnancy and ceases at 36 weeks 
[4]. The estimated total count of human nephrons ranges 
from 200,000 to more than 2.5 million [5], and the factors 
contributing to this wide variability are still poorly under-
stood. During nephrogenesis, epigenetic modifications play 
a significant role in driving cell differentiation. These modi-
fications include specific genome marks on the DNA mol-
ecule itself or on the proteins associated with it, such as the 
histones, the latter part of a shared code between progeni-
tor nephrons and nascent nephrons for the development of 
proper cell-lineage fate. Currently, it is difficult to determine 
whether a specific epigenomic pattern found in a person with 
kidney disease was set up early during kidney development 
or whether there is a causal relationship among the DNA 
modifications, other than sequence variations and kidney 
damage in humans. The difficulties in determining these fac-
tors are mainly due to ethical and technical limitations, but 
experimental studies have provided some clues about the 
possible early origin of susceptibility to CKD.

Since the introduction of the term “fetal reprogram-
ming” into the DOHaD hypothesis, during which the fetal 
environment impacts the health–disease process in child-
hood or adulthood [3, 6], many studies have provided evi-
dence supporting it. In this regard, fetal programming is 
understood as all of the instructions of an organism driv-
ing the growth and development patterns for the formation 
of tissues and organs [2, 3, 6]. It has been proposed that 
there could exist fetal reprogramming, which refers to any 
modification during critical periods altering the original 
instruction manual with or without subsequent repercus-
sions throughout life [2, 3].

Epigenetic dysregulation of the RAS

Epigenetic changes refer to modifications in chromatin struc-
ture that exert an influence on the phenotype, but do not 
involve alteration of the DNA nucleotide sequence (geno-
type). These changes can be heritable, established either 
from the early stages of embryonic development or even 
during adult life, and may be reversible [7]. These modifi-
cations mainly affect gene transcription, either in a general-
ized way in the organism, or they can be tissue-specific, cell 
lineage-specific, or even parental-specific [8]. Differences 
in gene expression may result from the direct modification 
of the chromatin structure, in which a chemical group binds 
to one of the DNA strands or proteins of the nucleosome 
(histones), or from DNA-RNA interactions, or from an 
increase or decrease in the accessibility of the transcriptional 
machinery to the DNA in response to different environmen-
tal stimuli, such as exposure to chemical or physical agents, 
chronic metabolic disturbances, and disease (Fig. 1). During 
the preceding decade, normal and abnormal kidney-specific 
epigenetic patterns were found to be related, and changes in 
kidney structure and function have been identified that were 
established either from early embryonic stages or later in 
postnatal life [9–12].

The RAS is well known for its systemic effects on hemo-
dynamic homeostasis, specifically in terms of controlling 
blood pressure, water, and electrolyte levels. The RAS path-
way begins with the proteolytic cleavage of angiotensinogen 
(AGT) by renin (REN), an aspartyl protease, resulting in a 

Fig. 1  Epigenetic mechanisms involved in gene expression. Epige-
netic mechanisms involved in gene expression include chromatin 
structure remodeling, histone modifications, and micro(mi)RNA-
RNA interactions
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decapeptide angiotensin I. The latter, in turn, is cleaved by 
the angiotensin-converting enzyme (ACE), resulting in the 
functional octapeptide angiotensin II, which performs its 
function through binding with two specific receptors (AT1R 
and AT2R). Paradoxically, these receptors exert opposite 
effects: while the AT1R have vasoconstrictor, sodium, water 
retention, proinflammatory, and pro-oxidant functions, the 
AT2R promote vasodilatation, sodium excretion, and anti-
inflammatory and antioxidant responses [13].

The main known effects of the RAS are physiologically 
regulated by a hormonal feedback pathway, as well as by 
kidney osmoreceptors and baroreceptors that modulate its 
function. However, it has been proposed that the epigenetic 
regulation of the RAS is another important mechanism 
that could be involved in pathological processes [14]. Dif-
ferent modifiers of the fetal environment, specifically the 
maternal diet and the use of glucocorticoids, affect both the 
molecular and signaling pathways involved in nephrogen-
esis and converge in the dysregulation of the RAS (Fig. 2). 
For example, an intrarenal downregulation of RAS and a 
decreased number of glomeruli were found in the offspring 
of pregnant mice fed with a protein-restricted diet; even 
more so, these alterations were additionally associated with 

high blood pressure in adults [15]. Bogdarina et al. reported 
that maternal diet correlated with epigenetic modifications, 
which in turn influenced RAS gene expression in different 
tissues. These authors reported hypomethylation of the AT1b 
gene promoter, with the consequent increase in the expres-
sion of the AT1R in the adrenal glands in the offspring of 
pregnant rats fed with a low-protein diet (LPD) [16]. Subse-
quently, the downregulation of DNMT3A was shown as the 
cause of this hypomethylation, which in turn correlated with 
the elevation of hypothalamic angiotensin and a continuous 
activation of the autonomic nervous system (ANS) cycle 
involved in the development of hypertension in adults [17].

Maternal dietary abnormalities and a prolonged protein 
deficit during postnatal life could be the causes of alterations 
in the RAS; specifically, nutritional zinc restrictions induced 
growth delay and dysregulation in kidney formation, as well 
as the activation of the angiotensin II-AT1R axis in male, 
but not in female progeny, after an increase of AT2R and 
ACE mRNA [18]. It is generally accepted that RAS-induced 
fetal reprogramming includes signaling pathways leading to 
alterations in the ANS, as well as in the circulatory system 
and the kidney by inducing the downregulation of ACE2, 
an imbalance in nitric oxide and sodium levels, and Ang II/

Fig. 2  Environmental factors in renin-angiotensin system (RAS) 
fetal reprogramming. Major modifiers of the fetal environment, spe-
cifically the maternal diet, hypoxic conditions, maternal diseases, and 

use of glucocorticoids, affect both the molecular and signaling path-
ways involved in nephrogenesis and converge in the dysregulation of 
RAS. ACE, angiotensin-converting enzyme
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Ang (1–7) expression at cerebral and circulatory levels [19]. 
In addition, decreased kidney expression was observed in 
the mitochondrial assembly 1 (Mas) receptor (MasR), which 
is related to vasodilatory and anti-inflammatory properties, 
counteracting the effects of AngII [19]. On the other hand, 
common variants in the RAS system have been associ-
ated with high blood pressure and nephropathy in humans, 
although the mechanisms explaining these associations are 
still unclear [20–23]. Variant AGT A[-6]G was associated 
with hypertension in humans because of a higher expression 
of AGT [20]. Male, but not female, progeny from transgenic 
mice carriers of this variant exhibited hypermethylation of 
the H19 gene cluster, a key regulator for nephrogenesis [21]. 
Notably in humans, the deletion of 287 base pairs (allele D) 
in intron 16 of the ACE gene (rs4340 variant) is associated 
with ACE hypomethylation and increased enzyme activity, 
although the role of the D allele on gene expression remains 
under discussion [22, 23]. These data suggest that the epige-
netic changes caused by the RAS gene variants could explain, 
in part, the differential susceptibility to hypertension and 
CKD in association studies, although they may not be the 
main trigger.

Kidney reprogramming and pregnancy 
factors

During pregnancy, there are intrinsic and extrinsic factors 
influencing the maternal environment that are critical to the 
good growth and development of the fetus [3, 7]. The analy-
sis of kidney fetal reprogramming requires a wider perspec-
tive that extends beyond the scope of this review. Therefore, 
we will only focus on aspects related to maternal nutrition 
and maternal diseases during pregnancy, among other fac-
tors related to the epigenetic modifications and fetal repro-
gramming affecting the RAS pathway as a possible mecha-
nism contributing to kidney disease.

Maternal diet

During pregnancy, the quality of the maternal diet is key 
for good development of the fetus. Whether good or poor, 
the quality of the diet will have an important impact on fetal 
metabolism through the establishment of epigenetic marks 
that could in turn affect the physiology of the kidney from 
early childhood to adulthood. Studies have shown that a diet 
poor in essential nutrients and overfeeding in infants are 
both associated with chronic diseases in adulthood [24]. In 
addition, maternal LPD is now recognized as a risk factor 
for multifactorial diseases of progeny in adulthood, such as 
obesity, type 2 diabetes, insulin resistance, and kidney dis-
ease, all of these influenced by alterations in neurotrophic 
factors expressed in the hypothalamus [25], alterations in 

fertility [26, 27], and the risk of high blood pressure. It is 
noteworthy that low birth weight, in addition to fetoplacental 
insufficiency, infections, drug abuse, and preterm birth, is 
closely related to maternal nutrition, and the relationship 
between the decrease of nephron number and the percentage 
of glomeruli in newborns is well known [28, 29]. The impact 
of poor diet could be clearer in low- and middle-income 
economies such as those in some southern Asian, sub-
Saharan African, and Latin American populations, in which 
clinical newborn registries demonstrated a mean prevalence 
of 26%, 14%, and 9% low-weight births, respectively, and 
coincidently with the reported prevalence of CKD in these 
populations [30–32]. Nevertheless, the possible evidence of 
maternal dietary involvement in offspring, the reprogram-
ming of the renin-angiotensin axis in postnatal life, and the 
long-term effects of such reprogramming on the individual’s 
metabolism must be considered so that, on being deregulated 
at birth, they render it susceptible to environmental modi-
fiers in adult life.

Studies in murine models fed with a LPD demonstrated 
alterations in RAS expression; the progeny of mothers with 
LPD revealed the increased expression of AT1b (angiotensin 
II type b receptor) in adrenal and kidney tissue, as well as 
alterations in other RAS genes caused by promoter hypo-
methylation in comparison with the progeny of mothers fed 
with a normal protein diet. The authors attributed these dif-
ferences to the decrease in methyl donors associated with 
maternal malnutrition [16]. Additionally, LPD during preg-
nancy was associated with the increased sensitivity to salt of 
the progeny due to the hypermethylation of the prostaglandin 
E receptor 1 (Ptger1) gene, which in turn was the cause 
of the dysregulation of glomerular  Na+ and water transport 
and increased renin secretion via the PGE2/EP1 signaling 
pathway [33]. In addition to low protein intake, a high-salt 
maternal diet is associated with alterations in the RAS. The 
progeny of mothers on a high sodium diet had increased 
renal AT1R and AT2R [34] but decreased glomerular num-
ber [35].

Mineral deficiencies in the maternal diet could also result 
in alterations in the RAS of the newborn. Gobetto and co-
workers showed that male offspring appear to be more sen-
sitive to maternal zinc deficiencies through an increase in 
the expression of components of the RAS [18]. As metal-
loproteinases, ACE and ACE2 are susceptible to the activat-
ing effect of zinc. Alternatively, epigenetic modifications 
induced by failures in zinc homeostasis could lead to fetal 
deregulation and reprogramming as well, probably due to the 
presence of zinc binding sites within the protein structure of 
DNA methyltransferases (DNMT) and histone acetyltrans-
ferases (HAT), histone deacetylases (HDAC), and histone 
demethylases (HDM) [36]. Therefore, it would be reasonable 
to consider zinc as an important modulator element in the 
activity of ACE and ACE2 due to epigenetic modifications. 
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More research is needed on the early effects of the deficien-
cies (or excesses) of zinc or other diet-derived metal ions 
and their possible influence on RAS and kidney health.

All of the above data point to a close relationship between 
maternal diet and epigenetic modifications, which could 
affect the RAS in offspring. The lack of studies confirming 
these observations in humans and interventional approaches 
to prevent or revert alterations in fetal kidney programming 
do not allow their inclusion in clinical practice. Notwith-
standing these limitations, the involvement of maternal diet 
in offspring as related to the reprogramming of the RAS in 
postnatal life and its long-term effects on the individual’s 
metabolism must be considered. For example, it is known 
that low birth weight was associated with a higher risk for 
dyslipidemia, as well as cardiovascular and metabolic altera-
tions in the offspring of mothers exposed to a high-fat diet 
[37, 38]. The relationship between a high-fat diet and kidney 
damage is now known, but determining whether this rela-
tionship originates in prenatal life requires more research.

Maternal disease

Common maternal diseases, such as diabetes and obesity, 
have important effects during development that could be 
the result of fetal reprogramming. The long-term impact 
of maternal diabetes on offspring has been studied using 
different animal diabetes models, with special interest 
in cardiovascular and kidney effects. Intrauterine insults 
induced by maternal hyperglycemia converge in an altered 
inflammatory response. The dysregulation in the produc-
tion of inflammatory mediators is a hallmark of metabolic 
and vascular diseases in adulthood [39]. Hyperglycemia and 
maternal diabetes can induce the dysfunction of the pan-
creatic islets (islets of Langerhans) during the early fetal 
stage, which is related to the overactivation of transcription 
factors, miRNA, and of the growth factors controlling the 
maturation of the pancreatic islets in formation, in addition 
to the downregulation of inflammatory response genes [40], 
as well as an influence on gene regulation through histone 
modifications [41]. At the clinical level, there is evidence in 
terms of the putative influence of both pre-pregnancy and 
gestational maternal diabetes on kidney volume in offspring, 
where the kidney parenchyma of the offspring of mothers 
with gestational diabetes is smaller than in controls [42]. In 
addition, hyperglycemia is a strong promoter of epigenomic 
modifications in offspring. Fetuses of mothers with type 1 
diabetes exhibited widespread hypomethylation, although 
not in particular genes of embryogenesis or under a specific 
imprinting phenomenon. Among the groups of genes associ-
ated with this phenomenon, the hypomethylation of DNMT1 
was found to be important because of its significant role 
in fetal reprogramming [43]. However, studies on maternal 
hyperglycemia or maternal diabetes and RAS are scarce, and 

the majority of these have been association studies [44, 45], 
which, due to their methodological nature, do not allow cau-
sality to be determined. Because of the increasing incidence 
of diabetes in young women, further efforts will be needed to 
understand the biological and epigenetic mechanisms related 
to CKD susceptibility both for themselves as well as in their 
future progeny.

Obesity is usually a comorbidity in gestational diabetes, 
in that it can give rise to alterations in fetal kidney hemody-
namics, albuminuria, increased inflammation, and oxidative 
stress, among others [46–48]. Pro-oxidant molecules could 
be transmitted to the progeny’s kidneys, as well as the hyper-
methylation of genes associated with kidney fibrosis such 
as RASAL1, and alterations in the expression of DNMT1 are 
the main suggested mechanisms underlying kidney fibrosis 
in the offspring of obese mothers [47–49]. A renoprotec-
tive effect of hydralazine, a peripheral vasodilator often 
employed for the management of high blood pressure in 
pregnancy, appears to be associated with decreased genome-
wide hypermethylation at the renal level in the product 
associated with maternal obesity, as well as ameliorated 
albuminuria and creatinine levels [50]. Also, the combined 
administration of insulin and metformin in murine models 
with gestational diabetes exerted a renoprotective effect on 
the fetal kidneys, which was observed at the proteome level 
[51]. Despite the presence of studies supporting the idea 
that some epigenetic modifications, such as histone methyla-
tion, are reversible, the specific molecular mechanisms that 
could allow for the design of targeted therapeutics remain 
unknown, and, to our knowledge, there are no long-term 
controlled follow-up studies conducted in these patients.

Other emerging factors

In addition to the epigenetic modifications occurring due 
to fetus-uterus interactions, there are recent and exciting 
findings that compel us to broaden our point of view, and 
although the evidence remains inconclusive to date, it is 
worth considering. Specifically, we refer to the role of the 
gut microbiota and the elements of response to hypoxia. 
Currently, it is well known that the microbiota is a key player 
in health and disease [52] and intestinal microorganism-
derived uremic toxins can contribute to the development 
of CKD [53, 54]. The gut microbiota has been shown to 
interact with the RAS, both at the gastrointestinal and the 
systemic level, in a bidirectional way [55]. First, the intra-
luminal ACE inhibitory peptides or lipopolysaccharides 
promote the blockade of ACE1 and the activation of AT1 
and ANG II [56]; likewise, short-chain fatty acids or tryp-
tophan block prorenin and its receptor at the kidney level, 
which was reverted by prebiotics and probiotics by means of 
activating ANG (1–7), ACE2, and MAS [57]. On the other 
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hand, the overactivation of ANG II generates intraluminal 
dysbiosis [58].

The aforementioned has allowed hypothesizing the role 
of the maternal gut microbiota on fetal kidney structure and 
function. The available studies focus on the relationship of 
the gut maternal microbiota with hypertension in offspring 
[59]. On the other hand, several studies have shown certain 
microbiota-derived chemical molecules, such as hydrogen 
sulfide  (H2S), to possess beneficial effects for the offspring 
[60, 61]. Although the mechanism of action of  H2S is still 
not completely clear, evidence points to a role played by 
the epigenome modifications, specifically on RAS genes. A 
study showed that prenatal or postnatal administration of 
 H2S improved blood pressure values. The authors attributed 
this effect to a possible increase of the methylation of AT1b 
and the downregulation of AT1R expression [62]. Another 
study reported the possible involvement in reprogramming 
toward the prevention of hypertension and kidney damage 
[59], but concise evidence supporting the effect of  H2S itself 
or other maternal microbiota-derived molecules in human 
kidney reprogramming is scarce. A deeper review of the 
advances in this fascinating research area can be found else-
where [63].

Hypoxia is a strong inducer of differentiation, and sev-
eral hypoxia-responsive transcription factors (HIF) have 
been found. The lack or low levels of these HIF during the 
development of the kidney results in a decrease in both 
nephron number and kidney mass [64]. Studies point to epi-
genetic regulation as a mechanism underlining the decrease 
in nephron number and to its possibly being sex-specific. In 
pregnant mice with global deletion of miRNA-210, a main 
hypoxia-induced miRNA, Hemker et al. found the increased 
expression of LIM homeobox 1 (Lhx1) in kidney tissue only 
from male offspring [65]. Likewise, fetal hypoxia could 
function as a susceptibility factor for certain nephrotoxins 
or other insults that can induce kidney damage in later post-
natal life [66]. Little is known regarding the existence of a 
hypoxia-susceptible miRNA specific for kidney biogenesis, 
whether the effects of miRNA-210 form part of a global 
inflammatory response not exclusive to kidney tissue, or 
whether there is a sex-related miRNA profile in mesone-
phric development, as observed in lung development [67].

A possible sex‑biased mechanism in fetal 
reprogramming for adult kidney disease?

Sex differences in the normal decline of kidney function 
due to the natural aging process are well recognized [68, 
69], but knowledge concerning the mechanisms explaining 
these differences and whether they are preferentially “repro-
grammed” from the embryonic stages are scarce. Studies 
have revealed that, under controlled conditions, such as 

maternal diet, or medication during pregnancy, a biased pat-
tern of kidney programming can be induced, in which the 
RAS axis is primarily involved in a sex-specific manner [18, 
69]. Also, prenatal steroid administration in different bio-
logical models is associated with increased blood pressure 
in males and experimental kidney damage in adulthood [70, 
71]. Recent studies evaluating the effect of steroid use dur-
ing gestation reported sex-biased alterations in the transcrip-
tome, with specifically decreased Agt mRNA and increased 
Agtr2 and Mas1-receptor expression in female vs. male mice 
[72]. In addition to the idea that estrogen/testosterone hor-
monal differences are more favorable in females, the reno-
protective effect, due to a more efficient ability to upregulate 
the anti-inflammatory and vasodilator responses, could also 
be more advantageous in females [73]. Under this hypothe-
sis, several authors point out that the increase of testosterone 
in males induces an increase in blood pressure through RAS 
activation. This is supported by experimental studies show-
ing that testosterone increases the expression of intrarenal 
angiotensinogen mRNA in males, which is prevented after 
castration [68]. Likewise, testosterone exerts a stimulatory 
effect on Ang II at the proximal-tubule level, mainly due to 
its mineralocorticoid action of sodium reabsorption [74].

In addition to the male disadvantage due to testosterone, 
there are other hormonal axes that could contribute to the 
upregulation of the RAS axis, such as the hormonal peak 
of the luteal phase; however, these elevated levels have no 
known influence on the increase in blood pressure [71, 72]. 
In this regard, there are sex-related differences in the kidney 
response to Ang-II, enhanced by the intrinsic metabolism of 
Ang-II and by the greater sensitivity to the effects of Ang1-7 
in women [19]. Likewise, the hormonal influence during 
pregnancy may activate the non-classical RAS pathway. A 
higher placental expression of the metallopeptidase neprily-
sin during pregnancy has been shown as responsible for the 
increase in Ang1-7 [19]. Neprilysin is important in the kidney 
proteolytic process of Ang1-9 cleavage and in the regulation 
of blood pressure [75]. In this respect, the sex-related differ-
ences between the AngII/Ang1-7 ratio are enhanced in preg-
nancy and are related to the activation of the MasR, which 
is more involved in the regulation of nitric oxide (NO) and 
prostaglandins [19].

In the setting of prenatal steroid administration, the 
placentas of female embryos exhibit a higher expression 
of the glucocorticoid receptor and of 11-β-hydroxysteroid 
dehydrogenase type 2, which could inactivate or decrease 
the number of glucocorticoids in contrast to male fetuses 
[76]. Biased fetal programming has also been associated 
with infertility in males and a decreased testicular tissue 
mass [27]. The estrogenic difference between females and 
males may include the major mechanism for the increase in 
angiotensinogen, possibly mediated by estrogen response 
elements in the AGT  gene promoter. However, there are 
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other endocrine pathways that are poorly studied, such as 
increased progesterone and enhanced metabolic differences 
during pregnancy, in addition to considering further research 
on the role of the non-canonical pathway of RAS activation 
in fetal kidney reprogramming.

Conclusions and perspectives

Increasing evidence supports the notion that the uterine 
environment exerts a determining influence on kidney pro-
gramming from early developmental stages, which could 
affect kidney physiology in both childhood and adulthood. 
These events could converge in the alteration of RAS. Also, 
sex differences in hormonal load and responses to changes in 
the uterine environment could affect the regulatory mecha-
nisms of gene expression, but the relationship between a 
specific methylation pattern and kidney disease remains 
to be explored. Knowledge of the factors influencing the 
early epigenetic modifications of RAS genes and other fun-
damental pathways to embryonic kidney development will 
contribute to a better understanding of the pathogenesis of 
CKD and will supply guidelines in the search for therapeutic 
approaches aimed at correcting these modifications, even 
from the embryonic stage.
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