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Cardiovascular diseases (CVDs) are the most common cause of death from noncommunicable diseases

worldwide. In addition to the classical CVD risk factors related to lifestyle and/or genetic background,

exposure to an adverse intrauterine environment compromises fetal development leading to low birth

weight and increasing offspring susceptibility to develop CVDs later in life, particularly hypertension – a

process known as fetal programming of hypertension (FPH). In FPH animal models, permanent

alterations have been detected in gene expression, in the structure and function of heart and blood

vessels, compromising cardiovascular physiology and favoring hypertension development. This review

focuses on the role of the sympathetic nervous system and its interplay with G-protein-coupled

receptors, emphasizing strategies that envisage the prevention and/or treatment of FPH through

interventions in early life.
Introduction
Cardiovascular diseases (CVDs) are the main cause of mortality and

morbidity from noncommunicable diseases worldwide; and >75%

of deaths occur in low- and middle-income countries [1]. Together

with the already known CVDs risk factors related to lifestyle (being

sedentary, unhealthy diet, smoking tobacco) and genetic back-

ground, the importance of fetal life is well recognized [2–4]. The

fetus can adapt to adverse intrauterine conditions, such as malnu-

trition, oxygen deprivation, placental insufficiency and exposure to

excess glucocorticoids (GCs) or toxic substances, to ensure survival

[5–7]. However, these conditions induce alterations in fetal devel-

opment that result, later in life, in an increased susceptibility to

develop CVDs, a phenomenon named developmental origins of

health and disease (DOHaD) or fetal programming.

David Barker was the first to advocate the hypothesis that

adaptive responses of the fetus to maternal undernutrition

(MUN) resulted in low birth weight (LBW) and, in adult life, in

the development of coronary heart disease and hypertension [2,8].
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Over the past years, several epidemiological studies in populations

exposed to starvation and/or intrauterine stress have validated

Barker’s hypothesis, demonstrating an association between LBW

and increased blood pressure (BP) in adult life – a process known as

fetal programming of hypertension (FPH) [6,9–11].

MUN seems to be the major cause of LBW in underdeveloped or

developing countries, whereas in high-income societies LBW is

mostly related to prematurity or obstetric complications associat-

ed with delayed pregnancy. For example, placental insufficiency,

causing placental hypoxia and fetal oxygen delivery privation

[12,13], and pre-eclampsia are conditions related to increased

maternal age [14,15] that associate with offspring hypertension

in adult life [15]. Excess fetal exposure to GCs could also contribute

to LBW [16], which is clinically relevant, because women with risk

of preterm delivery are treated with CGs to improve fetal pulmo-

nary function and reduce mortality. Besides, maternal psycholog-

ical stress could abnormally elevate cortisol levels [17]. Cortisol

access to the fetus is limited to the placental barrier owing to its

conversion by 11-b hydroxysteroid dehydrogenase 2 into

cortisone. However, this enzyme can be reduced in adverse fetal
www.drugdiscoverytoday.com 739
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conditions [18], favoring cortisol access to the fetus. Other stress

factors, such as exposure to toxic substances (alcohol, tobacco) or

environmental pollutants, can also affect fetal development, con-

tributing to FPH [19–21].

Despite the efforts carried out so far, the mechanisms underly-

ing the predisposition to FPH are not completely understood.

Nevertheless, increasing evidence has shown the implication of

oxidative stress [22,23], the renin–angiotensin system (RAS) [24–

26] and the sympathetic nervous system (SNS) [27–29], as well as

alterations in the GCs axis [6,30–32]. Some of these alterations

seem to be mediated by epigenetic modulation of genes implicated

in cardiovascular control [33–36]. Altoghether, these aspects can

contribute to FPH development (Fig. 1).

Experimental data gathered in animal studies have been very

valuable to understanding the relationship between adverse intra-

uterine environment and increased susceptibility to hypertension.

Among others, the most common animal models mimicking the

different fetal stress factors are maternal nutritional restriction

during pregnancy or lactation (protein, global nutrients, vitamins,

etc.), exposure to hypoxia, placental insufficiency or treatment

with GCs [37,38].

In these animal studies, high BP is associated with changes in

blood vessels (remodeling, stiffening and endothelial dysfunc-

tion), heart (cardiomyocyte hypertrophy or intramyocardial fibro-

sis) and kidneys (low nephron number, alterations in sodium

handling, etc.) [6,39–42]. These studies have also evidenced the

important influence of sex in FPH – male offspring from all the

above-mentioned experimental models develop hypertension by

adult age, whereas females remain normotensive or develop

milder forms of hypertension [43]. This sexual dimorphism has

been proposed to be related to the protective effects of estrogens

on the cardiovascular system [44,45]. In addition, the concept of

‘sex of the placenta’ has also been put forward and it has been

suggested that the placenta nourishing a female fetus could adapt

In utero At birth

Maternal exposure
to under or

overnutrtion,
tobacco, alcohol,
glucocorticoids

Obstetric
complications
(preeclampsia,

placenta
insufficiency) Low birth weight

FIGURE 1

Thedevelopmental programmingofcardiovasculardisease hypothesis. Figure m
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better to adverse intrauterine environments; thus, contributing to

the lower impact of FPH in females [46,47]. Despite the fact that, in

animal models of FPH, the role of sex has been well documented,

in humans this is not so evident. This discrepancy is probably

related to differences in the age of the populations under study and

the confounding factor of menopause [44,48].

SNS and fetal programming of hypertension
SNS has an integral role in the regulation of heart rate and

contractility, vascular tone and fluid volume. Excessive sympa-

thetic nerve activity (SNA) has deleterious effects namely increased

cardiac output, peripheral resistance and retention of salt and

water; thus, contributing to the development and/or maintenance

of hypertension [49–53]. In vessels, increased SNA is responsible

for vascular remodeling related to smooth-muscle hypertrophy

and fibrosis [54].

Data from humans and experimental animal models of hyper-

tension support the neurogenic hypothesis of hypertension,

which considers SNA as the primary factor underlying the eleva-

tion of BP [55–58]. Although the main causes of increased SNA

remain undefined, alterations of reflexes and/or metabolic factors

have been proposed as candidates [58].

In several animal models of FPH, altered SNS control is evident.

In offspring of maternal low-protein-diet (MLPD) rats, hyperten-

sion was associated with increased cardiovascular sympathetic

tone [59], whereas no baroreflex dysfunction was found [60].

Offspring from rats exposed to intermittent hypoxia at the end

of pregnancy exhibit increased BP related to an altered sympatho–

vagal balance [61]. Also, in MLPD rat offspring, increased SNA was

reported in response to physical stress induced by activation of

exercise pressor reflex [62], most probably owing to an exaggerated

increase in renal SNA [63]. Another FPH rat model (induced by

hypoxia in utero) showed an increased muscle SNA and a hyper-

sympathetic innervation in skeletal muscle arteries [28].

https://smart.servier.com
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Another alteration corroborating an abnormal SNScontrol in FPH

rats is the elevation of catecholamines in the cardiovascular system,

owing to increased release or biosynthesis. In FPH rats induced by

placental insufficiency or MLPD, circulating catecholamines were

raised in the fetus and in adult offspring, possibly because of in-

creased SNA [29,64,65]. In this sense, an increased electrically

evoked noradrenaline output has been reported in mesenteric arter-

ies from MUN rat offspring [66]. Besides, there is evidence of elevated

catecholamine biosynthesis due to increased expression of adrenal

phenylethanolamine N-methyltransferase (PNMT), in dexametha-

sone exposure during gestation rat offspring [67]. Elevated PNMT

mRNA expression was also detected in spontaneously hypertensive

rat (SHR) brain [68].

In addition to alterations at the peripheral level, data also

indicate changes in central SNA. An elevated basal and stimulated

dopamine output has been described in rat offspring exposed to

prenatal stress [69]. Significant SNA alterations were also found in

the nucleus tractus solitarius [62], hippocampus and hypothalamic

paraventricular nucleus from MUN rat offspring, with a marked

activation of the hypothalamo-pituitary-adrenal axis [30].

Changes in central SNA could be related to alterations in redox

balance. Oxidative stress is known to contribute to FPH, through

many mechanisms (for details, see review [23]), but the relevance

of SNA in redox status and vice versa has been recently highlighted.

For example, in SHR, oxidative stress contributes to an increased

SNA [70] and MUN rat offspring exhibit changes in brainstem

redox status accompanied by an increase in SNA [71]. Excess

cortisol levels can also contribute to FPH through the SNS. For

example, in sheep fetuses it has been shown that adrenal GCs

contribute to cardiovascular regulation by modulation of SNA and

arterial baroreflex [72].

In LBW humans, there is also evidence of altered SNA [73,74].

Children with LBW, owing to prematurity or small for gestational

age, excrete high catecholamine levels [75], which has been asso-

ciated with longer periods of tachycardia during stress exposure

[76]. LBW is also associated with exaggerated BP responses to

psychological stressors, related to alterations in baroreflex control

[77] and greater SNA response [76]. Young men and women born

with LBW also exhibit raised muscle SNA [73] and exaggerated

sympathetic discharge in response to muscle metaboreflex [78].

Abnormalities in heart rate and baroreflexes are also observed in

premature infants, related to the immaturity of their autonomic

nervous system [79], which could contribute to increased cardio-

vascular risk in this population [80]. Taken together, data are

consistent with a pathophysiological role of the SNS in FPH, with

evidence indicating the occurrence of an increased SNA.

G-protein-coupled receptors and FPH
G-protein-coupled receptors (GPCRs) are a large family of seven-

transmembrane-domain proteins activated by several peptides or

proteins, such as neurotransmitters and hormones [81]. GPCRs

trigger intracellular signal transduction pathways and influence

several physiological functions, including cardiovascular control

[82]. Indeed, some GPCRs are involved in the modulation and

regulation of vasodilator and vasoconstrictor responses; thus,

influencing vascular responsiveness and BP control. Dysregulation

of GPCR-mediated mechanisms during fetal life can be implicated

in FPH. Among possible mechanisms, we can include changes in
the receptor itself or in the intracellular mechanisms or even in the

concentration of receptor ligands. All these changes can lead to an

upregulation or downregulation of GPCRs, which can modify

endocrine and nervous responses involved in BP control. Below,

we discuss evidence of alterations of key GPCRs, namely adreno-

ceptors, angiotensin, adenosine and endothelin receptors in FPH

(Fig. 2).

Adrenoceptors
Noradrenaline released from sympathetic nerves can activate a- or

b-adrenoceptors modulating postsynaptic nerve or vascular

responses with both types described as being involved in FPH.

Indeed, studies in rats provide evidence of the implication of

a-adrenoceptors localized in the central SNS in FPH: the natriuret-

ic effect induced by central noradrenaline injection was abolished

by a1-adrenoceptor antagonist (prazosin) in MLPD rat offspring

[83]; administration of a2-adrenoceptor antagonist (yohimbine)

normalized urinary sodium excretion and reduced BP in FPH

offspring [83]. Conversely, b-adrenoceptors can also contribute

to FPH: in 2-week-old MUN rat offspring, the myocardial mRNA

expression of b2-adrenoceptors was increased, which might ex-

plain the increased susceptibility to ischemia–reperfusion injury

[84]. In humans, recently, the involvement of adrenoceptors in

FPH has been suggested because a-adrenoceptor blockade attenu-

ated the development of hypertension in preeclampsia [85]. Taken

together, the information is in agreement with a relevant role of

adrenoceptors in FPH.

Angiotensin receptors
Contribution of angiotensin receptors (ATRs) to FPH has been

demonstrated in animals exposed to nutritional insults such as

low-protein, high-fat or sugar diets [86–88], toxins such as nicotine

[89,90] or to CGs [91]. Accumulating evidence in rats indicates

that AT1R and AT2R expression is altered in response to several

fetal stressors. An upregulation of AT1R expression was found in

the kidneys [24] and mesenteric vasculature [66] from MUN rat

offspring and in the brain of adult rats exposed to MLPD [92] or to

nicotine [90] during fetal development. Similarly, increased pul-

monary AT1R expression was found in lungs of mice exposed to

hypoxia [93] and in the kidney of near-term ovine fetuses exposed

to high altitude [94]. Regarding AT2R expression, a downregula-

tion was shown in the kidney of offspring of MUN, MLPD [26,95],

hypoxia [94] and fetal exposure to GCs [96].

Epigenetic and gene expression changes are responsible for

many alterations in FPH [36], some of them associated with

RAS. MLPD led to an increased AT1R gene expression and subse-

quent upregulation of AT1R in adrenal glands from adult rat

offspring, ultimately contributing to the development of hyper-

tension [35]. Maternal GC exposure in early pregnancy can induce

changes in methylation and expression of the AT1R gene. In

addition, in prenatal high sucrose exposure aged offspring, mRNA

and protein expression of the AT1R gene were significantly in-

creased in large and small blood vessels, which could be closely

associated with the changes of epigenetic mechanisms such as

histone modifications [97]. In brain MLPD mouse offspring, an

upregulation of mRNA expression of angiotensinogen and angio-

tensin-converting enzyme (ACE) and a downregulation of mRNA

levels of AT2R were reported [98]. ACE is another RAS player
www.drugdiscoverytoday.com 741
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modified in FPH. Pulmonary and plasma ACE activities seem to be

increased in MUN adult rat offspring [99].

In experimental FPH, hypertension was controlled after treat-

ment with ACE inhibitors or ATR antagonists [25,99,100], similar-

ly to what occurs in essential hypertension. The above studies

evidence the role of the classical ACE/angiotensin II (Ang II)/

AT1R/AT2R axis in FPH. Recently, the nonclassical ACE2/Ang-

(1–7)/Mas receptor axis was also suggested to be implicated

[101], as shown by the altered Ang-(1–7) system within the brain

and in the kidney of rats exposed to GCs in fetal life, proving the

contribution to cardiovascular dysfunction.

In humans exposed to adverse intrauterine conditions, infor-

mation is still scarce regarding ATRs or other RAS players. Never-

theless, children born from preeclamptic pregnancies have

increased circulating levels of aldosterone [102]. Also, boys with

LBW exhibited a significant increase in ACE activity and circulat-

ing Ang II, which were associated with increased systolic BP [103].

However, this association was not found in girls, supporting the

existence of sex differences in FPH also in humans. Indeed, RAS

Noradrenaline

Endothelin

ETAR

ETBR

α1

α2

β2 cardiac expression

Contractility
Ischaemic–reperfusion in

Diuresis and natriuresis

Diuresis and natriuresis

Vasoconstriction

Vasodialation

FIGURE 2

Schematic representation of the involvement of adrenoceptors, angiotensin II
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alterations associated with FPH seem to be age- and sex-specific

[37,91]. Overall, experimental data are consistent and support the

idea that RAS might be a common mechanism that underlies

hypertension of developmental origins.

Adenosine receptors
Considerable evidence supports the involvement of adenosine and

its receptors (A1R, A2AR, A2BR and A3R) in hypertension [104,105].

Adenosine is a key signaling molecule that coordinates a rapid

multicellular physiological response to hypoxia or tissue damage.

Indeed, chronic systemic hypoxia in utero affects cardiovascular

responses in adult rat offspring through an A1R-mediated mecha-

nism [106]. These rats have functional A1R in the heart and

vasculature but show attenuated adenosine release and endothe-

lium-dependent vasodilation [106].

In humans, adenosine is a determinant in pregnancy diseases

associated with altered umbilical blood flow, namely preeclampsia

[107,108]. Alterations in enzymes involved in adenosine bioavail-

ability, such as increased placental 50-nucleotidase and reduced

https://smart.servier.com
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placental adenosine deaminase, favor high placental adenosine

levels, which, coupled with an enhanced A2BR receptor signaling,

could contribute to preeclampsia pathogenesis [109]. Further-

more, in women with preeclampsia, it has been proposed that

reduced angiogenesis mediated by adenosine might be associated

with the development of hypertension in the offspring [110].

Altogether, this information points toward a relevant role for

the adenosinergic system in FPH.

Endothelin receptors
Endothelin 1 (ET-1), mainly released from endothelium, can acti-

vate endothelin receptor type A (ETAR) and type B (ETBR). These

receptors exert opposite cardiac and vascular effects: ETAR med-

iates vasoconstriction whereas ETBR mediates vasodilation

[111,112]. In the context of FPH, few pieces of work establish a

role for ET-1 and/or its receptors.

Hypoxia [113] and MUN [39] rat offspring present an enhanced

vasoconstriction to ET-1. In rat offspring exposed to fetal hypoxia,

treatment with tezosentan, an ETA/BR antagonist, caused a signifi-

cant reduction in BP [113]. The selective ETAR antagonist ABT-627

reduced BP in FPH rats, accompanied by a disruption in ET-1

expression [114]. These studies encourage further clarification

regarding the usefulness of endothelin receptors as targets to treat

or prevent FPH. Despite this, recent efforts on endothelin receptor

antagonists envisage their putative use for the treatment of resis-

tant hypertension [115]. Nevertheless, more studies are required to

completely understand the implication of GPCRs in the develop-

ment and maintenance of hypertension of fetal origins.

Interplay between the SNS and GPCRs in FPH
SNA can be influenced by different GPCRs, because these receptors

can modify noradrenaline bioavailability in the synapsis and/or
Hyperinnervation 

Hyperactivation of SNS

Noradrenaline release

Altered expression

Fetal programming

IGURE 3
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interact with signaling cascades. Furthermore, altered SNA can

also influence GPCR activation by modifying their expression or

conditioning its own signaling events. In FPH, increased SNA has

been associated with hypersympathetic innervation and/or with

alterations in specific GPCR expression or function. These changes

condition vascular responsiveness or renal function and can con-

tribute to increased BP (Fig. 3). The association between FPH

animal models and the experimental results related to SNS and

GPCRs are summarized in Table 1.

Interventions to counteract FPH
Understanding the causative mechanisms of FPH could provide

new opportunities and challenges for prevention through early-

life interventions. First, pharmacological treatments or lifestyle

changes during pregnancy might help to reduce programming.

Second, early interventions in the offspring during key develop-

mental windows, such as lactation, could also help to reduce the

impact of CVDs in future generations.

Pharmacological or nutritional interventions with antioxidants

are a plausible strategy because oxidative stress is one of the

underlying mechanisms in FPH, common to different fetal stress-

ors, namely malnutrition [116], exposure to toxic substance(s)

[117,118] or GCs [119]. Studies in animal models have provided

proof of the effectiveness of antioxidant treatments, in pregnancy,

against FPH. In hypoxic pregnancies, treatment with vitamin C

improved transplacental oxygenation [120]. In addition, melato-

nin and N-acetylcysteine administration during the entire

pregnancy and lactation have demonstrated effectiveness against

the development of hypertension in an FPH rat model induced by

NG-nitro-L-arginine-methyl ester during gestation [121]. Resvera-

trol also has promising effects for the treatment of feto–placental

flow alterations in preeclampsia, owing to its anti-inflammatory
of SNS

 of GPCRs

Altered function of GPCRs of hypertension
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and antioxidant properties in vitro [122]. In MLPD rat offspring,

resveratrol administration during pregnancy partially prevents

oxidative stress and metabolic dysfunction [123]. In the same

animal model, prenatal treatment with lazaroid, a lipid peroxida-

tion inhibitor, abolished the increased Ang-II-mediated contrac-

tile response and prevented the increase in BP [124]. Also, tempol

avoided the BP increase in adult mice of FPH induced by GC

exposure [125].

In humans, pregnancy alterations, such as preeclampsia, that

program the offspring are also related to oxidative unbalance. In

low- and middle-income countries, micronutrient dietary deficien-

cies can contribute to fetal programming through oxidative stress

[14]. In these settings, nutritional interventions with vitamins or

minerals during pregnancy have been demonstrated to be an effec-

tive approach to reduce the risk of prematurity and LBW [126] and to

improve offspring cardiometabolic health [127]. In high-income

societies, the main problem is the obstetric complications that alter

placental function leading to LBW and premature births (and sub-

sequent need for GC treatment). We have previously evidenced the

association between a low antioxidant status in early pregnancy and

the later development of obstetric complications [14]. Therefore,

antioxidant treatment can be a useful strategy to reduce preeclamp-

sia and other placental disorders once antioxidant deficiency in

pregnancy increases oxidative damage and compromises feto–pla-

cental flow through nitric oxide (NO) inactivation by reactive oxy-

gen species. In fact, several antioxidants, namely N-acetylcysteine,

vitamin C or melatonin, as well as NO donors like L-arginine, have

been used in women with pregnancy complications with variable

results; but most of them have shown benefits and safety [128]. The

above-mentioned data suggest that antioxidant therapy, either

through nutritional or pharmacological interventions, could be a

strategy to counteract or reduce FPH.

A second possible developmental window to counteract the

effects of FPH is the lactation period. In this regard, drugs used to

treat hypertension have been studied in experimental animal FPH

offspring concerning their putative usefulness to modulate

the development of hypertension postnatally. Administration of

TABLE 1

Fetal programming of hypertension (FPH)-mediated mechanism
mediator levels dysregulation in experimental FPH models

Animal model of
FPH

Mechanism mediated by FPH Mediator lev
alterations

Maternal cocaine
exposure

Reprogramming of vascular
reactivity led to " risk of
hypertension in adult offspring

" NA in the
synaptic cleft

Maternal low
protein diet

" RAS activity; " sympathetic
outflow in the kidney led to " BP

" Ang II 

Maternal
undernutrition

Hypersympathetic activation
related to a tonic facilitation of
prejunctional AT1R receptors by
endogenous Ang II

" Ang II 

Maternal chronic
hypoxia exposure

" muscle sympathetic nerve activity
induced by endogenous adenosine
" density of sympathetic
innervation of arterial vessels
" ROS exert a tonic vasoconstrictor
influence on muscle

# adenosine
# NO

Abbreviations: NA, noradrenaline; RAS, renin–angiotensin system; BP, blood pressure; An
reactive oxygen species; A1R, adenosine receptor type 1.
744 www.drugdiscoverytoday.com
nifedipine (calcium channel blocker) in FPH offspring at 4–12 weeks

did not modify BP [100], discarding the use of this pharmacological

group for this purpose. However, in MLPD rat offspring and in rats

exposed to placenta insufficiency, at 2–4 weeks old, captopril and

enalapril (ACE inhibitors) treatment (initiated after weaning) pre-

vented the development of hypertension, with animals remaining

normotensive at least for 12 weeks after treatment suppression

[25,99,100,129]. This is corroborated also in MUN rat offspring,

because treatment with aliskiren or losartan – an AT1R antagonist

– administered between 2 and 4 weeks of postnatal life, prevented

the development of hypertension until 12-weeks old [130]. Treat-

ment with AT1R antagonists such as losartan [100] or candesartan

[131] was also effective in preventing the development of hyperten-

sion in MUN adult rat offspring. Candesartan not only lowered BP

but also protected against cardiac enlargement and coronary peri-

vascular fibrosis [131]. However, this therapeutic strategy could only

be implemented after birth, owing to the teratogenic effects ascribed

to this group of drugs during pregnancy and their impact avoiding

adequate nephrogenesis.

After birth, vitamin C and E treatments reverse the increased

vasoconstrictor responses in FPH rats [132] and allopurinol, a

xanthine oxidase inhibitor, had analogous effects [133]. Coen-

zyme Q decreased oxidative stress and DNA damage in the aorta of

FPH offspring [134] and resveratrol improved insulin sensitivity,

vascular function and prevented cardiac dysfunction and hyper-

trophy [135,136]. Therefore, antioxidant therapy should be con-

sidered, alone or in association with other drugs, in FPH.

In humans, breast milk is an important source of antioxidants

and other bioactive compounds; thus, breast-feeding could help to

counteract the negative effects of oxidative stress in newborns,

particularly in preterm infants that exhibit deficiency of antioxi-

dant systems, and are at higher risk of FPH [137]. Regarding

pharmacological intervention, research is needed to analyze the

reverting effect of treatments on FPH with drugs binding to

GPCRs. Currently, several drugs are at the forefront to be used

in FPH but no ongoing clinical trials are being performed, so far,

with this particular purpose.
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Concluding remarks
Data collected so far suggest that FPH is related to the exposure to

stress factors during pregnancy and subsequent LBW; and will

probably continue to contribute to the burden of CVDs in the

coming decades. In this context, determining the main mecha-

nisms implicated is imperative, namely those related with sex

differences. Thus, therapeutic approaches targeted properly to

these sex differences could offer the best opportunity to mitigate

the progression of CVD in women and men. In addition, increas-

ing evidence supports the implication of increased SNA eventually

linked to some GPCRs, which modify the bioavailability of nor-

adrenaline in synapsis and/or interact with signaling cascades,

ultimately conditioning renal, cardiac and vascular responses. This

knowledge will open the door to risk stratification for the devel-
Re
v

opment and definition of new preventive and/or therapeutic

strategies.

Conflicts of interest
The authors report no conflicts of interest.

Acknowledgments
FCT is acknowledged for UID/QUI/50006/2019 and UIDB 50006/

2020 with funding from FCT/MCTES through national funds and

RTI2018-097504-B-I00 (Ministerio de Ciencia Innovación y

Universidades, Spain). Maria Sofia Vieira-Rocha wants to thanks to

Escuela de Doctorado de la Universidad Autónoma de Madrid

through the ‘‘Programa de Doctorado en Farmacologı́a y

Fisiologı́a”.
References
1 WHO (2017) Fact sheets: cardiovascular diseases. 2017 https://www.who.int/

news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)

2 Barker, D.J. and Osmond, C. (1986) Infant mortality, childhood nutrition, and

ischaemic heart disease in England and Wales. Lancet 1, 1077–1081

3 Boubred, F. et al. (2013) Developmental origins of chronic renal disease: an

integrative hypothesis. Int. J. Nephrol. 2013, 346067

4 Jiang, X. et al. (2013) Early life factors and type 2 diabetes mellitus. J. Diabetes Res.

2013, 485082

5 Alexander, B.T. (2006) Fetal programming of hypertension. Am. J. Physiol. Regul.

Integr. Comp. Physiol. 290, R1–10

6 Nuyt, A.M. (2008) Mechanisms underlying developmental programming of

elevated blood pressure and vascular dysfunction: evidence from human studies

and experimental animal models. Clin. Sci. 114, 1–17

7 Alexander, B.T. (2015) The impact of nutritional insults during fetal life on blood

pressure. J. Nutr. Sci. Vitaminol. 61, S5–6

8 Barker, D.J. and Osmond, C. (1988) Low birth weight and hypertension. BMJ 297,

134–135

9 Leeson, C.P. et al. (2001) Impact of low birth weight and cardiovascular risk factors

on endothelial function in early adult life. Circulation 103, 1264–1268

10 Roseboom, T.J. et al. (2000) Coronary heart disease after prenatal exposure to the

Dutch famine, 1944–45. Heart 84, 595–598

11 Law, C.M. and Shiell, A.W. (1996) Is blood pressure inversely related to birth

weight? The strength of evidence from a systematic review of the literature. J.

Hypertens. 14, 935–941

12 Blencowe, H. et al. (2013) Born too soon: the global epidemiology of 15 million

preterm births. Reprod. Health 10 (Suppl. 1), 2

13 Grigore, D. et al. (2007) Placental insufficiency results in temporal alterations in

the renin angiotensin system in male hypertensive growth restricted offspring.

Am. J. Physiol. Regul. Integr. Comp. Physiol 293, R804–811

14 Ramiro-Cortijo, D. et al. (2016) Maternal plasma antioxidant status in the first

trimester of pregnancy and development of obstetric complications. Placenta 47,

37–45

15 Paauw, N.D. et al. (2017) Pregnancy as a critical window for blood pressure

regulation in mother and child: programming and reprogramming. Acta Physiol.

219, 241–259

16 Cherak, S.J. et al. (2018) The effect of gestational period on the association between

maternal prenatal salivary cortisol and birth weight: a systematic review and meta-

analysis. Psychoneuroendocrinology 94, 49–62

17 Matthiesen, S.M. et al. (2011) Stress, distress and outcome of assisted reproductive

technology (ART): a meta-analysis. Hum. Reprod 26, 2763–2776

18 Zhu, P. et al. (2019) Mechanisms for establishment of the placental glucocorticoid

barrier, a guard for life. Cell. Mol. Life Sci. 76, 13–26

19 Li, X. et al. (2017) Association between ambient fine particulate matter and

preterm birth or term low birth weight: an updated systematic review and meta-

analysis. Environ. Pollut. 227, 596–605

20 Banderali, G. et al. (2015) Short and long term health effects of parental

tobacco smoking during pregnancy and lactation: a descriptive review. J. Transl.

Med. 13, 327

21 Sprauve, M.E. et al. (1999) Racial patterns in the effects of tobacco use on fetal

growth. Am. J. Obstet. Gynecol. 181, S22–27
22 Poston, L. et al. (2011) Role of oxidative stress and antioxidant supplementation in

pregnancy disorders. Am. J. Clin. Nutr. 94 (suppl. 6), 1980–1985

23 Rodriguez-Rodriguez, P. et al. (2018) Implication of oxidative stress in fetal

programming of cardiovascular disease. Front. Physiol. 9, 602

24 Vehaskari, V.M. et al. (2004) Kidney angiotensin and angiotensin receptor

expression in prenatally programmed hypertension. Am. J. Physiol. Renal. Physiol

287, F262–267

25 Manning, J. and Vehaskari, V.M. (2005) Postnatal modulation of prenatally

programmed hypertension by dietary Na and ACE inhibition. Am. J. Physiol. Regul.

Integr. Comp. Physiol 288, R80–84

26 Mesquita, F.F. et al. (2010) Expression of renin-angiotensin system signalling

compounds in maternal protein-restricted rats: effect on renal sodium excretion

and blood pressure. Nephrol. Dial. Transplant 25, 380–388

27 Ojeda, N.B. et al. (2007) Early renal denervation prevents development of

hypertension in growth-restricted offspring. Clin. Exp. Pharmacol. Physiol. 34,

1212–1216

28 Rook, W. et al. (2014) Prenatal hypoxia leads to increased muscle sympathetic

nerve activity, sympathetic hyperinnervation, premature blunting of

neuropeptide Y signaling, and hypertension in adult life. Hypertension 64, 1321–

1327

29 Hiraoka, T. et al. (1991) Catecholamines in experimentally growth-retarded rat

fetus. Asia Oceania J. Obstet. Gynaecol. 17, 341–348

30 Lesage, J. et al. (2001) Maternal undernutrition during late gestation induces fetal

overexposure to glucocorticoids and intrauterine growth retardation, and disturbs

the hypothalamo-pituitary adrenal axis in the newborn rat. Endocrinology 142,

1692–1702

31 Chisari, A.N. et al. (2001) Maternal undernutrition induces neuroendocrine

immune dysfunction in male pups at weaning. Neuroimmunomodulation 9, 41–48

32 Dodic, M. et al. (1998) An early prenatal exposure to excess glucocorticoid leads to

hypertensive offspring in sheep. Clin. Sci. 94, 149–155

33 Gluckman, P.D. and Hanson, M.A. (2008) Developmental and epigenetic

pathways to obesity: an evolutionary-developmental perspective. Int. J. Obes 32

(suppl. 7), 62–71

34 Vickers, M.H. (2014) Early life nutrition, epigenetics and programming of later life

disease. Nutrients 6, 2165–2178

35 Bogdarina, I. et al. (2007) Epigenetic modification of the renin-angiotensin system

in the fetal programming of hypertension. Circ. Res 100, 520–526

36 Conradt, E. et al. (2018) Incorporating epigenetic mechanisms to advance fetal

programming theories. Dev. Psychopathol. 30, 807–824

37 Alexander, B.T. et al. (2015) Fetal programming and cardiovascular pathology.

Compr. Physiol. 5, 997–1025

38 Morton, J.S. et al. (2016) In utero origins of hypertension: mechanisms and targets

for therapy. Physiol. Rev. 96, 549–603

39 Torrens, C. et al. (2009) Maternal undernutrition leads to endothelial dysfunction

in adult male rat offspring independent of postnatal diet. Br. J. Nutr. 101, 27–33

40 Rouwet, E.V. et al. (2002) Hypoxia induces aortic hypertrophic growth, left

ventricular dysfunction, and sympathetic hyperinnervation of peripheral arteries

in the chick embryo. Circulation 105, 2791–2796

41 Baum, M. (2010) Role of the kidney in the prenatal and early postnatal

programming of hypertension. Am. J. Physiol. Renal Physiol. 298, F235–247
www.drugdiscoverytoday.com 745

https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0010
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0010
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0015
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0015
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0020
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0020
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0025
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0025
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0030
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0030
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0030
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0035
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0035
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0040
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0040
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0045
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0045
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0050
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0050
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0055
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0055
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0055
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0060
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0060
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0065
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0065
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0065
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0070
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0070
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0070
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0075
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0075
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0075
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0080
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0080
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0080
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0085
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0085
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0090
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0090
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0095
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0095
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0095
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0100
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0100
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0100
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0105
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0105
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0110
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0110
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0115
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0115
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0120
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0120
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0120
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0125
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0125
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0125
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0130
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0130
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0130
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0135
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0135
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0135
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0140
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0140
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0140
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0140
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0145
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0145
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0150
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0150
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0150
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0150
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0155
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0155
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0160
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0160
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0165
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0165
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0165
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0170
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0170
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0175
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0175
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0180
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0180
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0185
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0185
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0190
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0190
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0195
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0195
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0200
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0200
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0200
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0205
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0205


REVIEWS Drug Discovery Today �Volume 25, Number 4 �April 2020

Review
s
�G

EN
E
TO

SC
R
EEN
42 Paixao, A.D. and Alexander, B.T. (2013) How the kidney is impacted by the

perinatal maternal environment to develop hypertension. Biol. Reprod. 89, 144

43 Alexander, B.T. et al. (2014) Effect of low birth weight on women’s health. Clin.

Ther. 36, 1913–1923

44 Intapad, S. et al. (2014) Sex differences in the developmental origins of

cardiovascular disease. Physiology 29, 122–132

45 Rodriguez-Rodriguez, P. et al. (2017) Long term effects of fetal undernutrition on

rat heart. Role of hypertension and oxidative stress. PLoS One 12, e0171544

46 Eriksson, J. et al. (2000) Fetal and childhood growth and hypertension in adult life.

Hypertension 36, 790–794

47 Rosenfeld, C.S. (2015) Sex-specific placental responses in fetal development.

Endocrinology 156, 3422–3434

48 Dasinger, J.H. and Alexander, B.T. (2016) Gender differences in developmental

programming of cardiovascular diseases. Clin. Sci 130, 337–348

49 Mark, A.L. (1996) The sympathetic nervous system in hypertension: a potential

long-term regulator of arterial pressure. J. Hypertens. 14, S159–165

50 Thomas, P. and Dasgupta, I. (2015) The role of the kidney and the sympathetic

nervous system in hypertension. Pediatr. Nephrol. 30, 549–560

51 Grassi, G. et al. (2012) Sympathetic nervous system: role in hypertension and in

chronic kidney disease. Curr. Opin. Nephrol. Hypertens. 21, 46–51

52 Grassi, G. and Ram, V.S. (2016) Evidence for a critical role of the sympathetic

nervous system in hypertension. J. Am. Soc. Hypertens. 10, 457–466

53 Manolis, A.J. et al. (2014) Sympathetic overactivity in hypertension and

cardiovascular disease. Curr. Vasc. Pharmacol. 12, 4–15

54 Oparil, S. et al. (2003) Pathogenesis of hypertension. Ann. Intern. Med. 139, 761–776

55 Yamada, Y. et al. (1989) Age-related changes in muscle sympathetic nerve activity

in essential hypertension. Hypertension 13, 870–877

56 Esler, M. et al. (2003) Sympathetic nerve activity and neurotransmitter release in

humans: translation from pathophysiology into clinical practice. Acta Physiol.

Scand. 177, 275–284

57 Biaggioni, I. (2003) Sympathetic control of the circulation in hypertension: lessons

from autonomic disorders. Curr. Opin. Nephrol. Hypertens 12, 175–180

58 Grassi, G. et al. (2010) The ‘neuroadrenergic hypothesis’ in hypertension: current

evidence. Exp. Physiol. 95, 581–586

59 Barros, M.A. et al. (2015) Maternal low-protein diet induces changes in the

cardiovascular autonomic modulation in male rat offspring. Nutr. Metab.

Cardiovasc. Dis. 25, 123–130

60 Paulino-Silva, K.M. and Costa-Silva, J.H. (2016) Hypertension in rat offspring

subjected to perinatal protein malnutrition is not related to the baroreflex

dysfunction. Clin. Exp. Pharmacol. Physiol. 43, 1046–1053

61 Svitok, P. et al. (2016) Prenatal hypoxia in rats increased blood pressure and

sympathetic drive of the adult offspring. Hypertens. Res. 39, 501–505

62 Mizuno, M. et al. (2013) Prenatal programming of hypertension induces

sympathetic overactivity in response to physical stress. Hypertension 61, 180–186

63 Vehaskari, V.M. et al. (2001) Prenatal programming of adult hypertension in the

rat. Kidney Int. 59, 238–245

64 Jones, C.T. and Robinson, J.S. (1983) Studies on experimental growth retardation

in sheep. Plasma catecholamines in fetuses with small placenta. J. Dev. Physiol. 5,

77–87

65 Petry, C.J. et al. (2000) Catecholamine levels and receptor expression in low

protein rat offspring. Diabet. Med. 17, 848–853

66 Vieira-Rocha, M.S. et al. (2019) Vascular angiotensin AT1 receptor

neuromodulation in fetal programming of hypertension. Vascul. Pharmacol 117,

27–34

67 Nguyen, P. et al. (2015) Prenatal glucocorticoid exposure programs adrenal PNMT

expression and adult hypertension. J. Endocrinol. 227, 117–127

68 Grandbois, J. et al. (2016) Phenylethanolamine N-methyltransferase gene

expression in adrenergic neurons of spontaneously hypertensive rats. Neurosci.

Lett. 635, 103–110

69 Silvagni, A. et al. (2008) Prenatal restraint stress differentially modifies basal and

stimulated dopamine and noradrenaline release in the nucleus accumbens shell:

an ‘in vivo’ microdialysis study in adolescent and young adult rats. Eur. J. Neurosci.

28, 744–758

70 Nishihara, M. et al. (2012) Different role of oxidative stress in paraventricular

nucleus and rostral ventrolateral medulla in cardiovascular regulation in awake

spontaneously hypertensive rats. J. Hypertens. 30, 1758–1765

71 Ferreira, D.S. et al. (2016) Perinatal low-protein diet alters brainstem antioxidant

metabolism in adult offspring. Nutr. Neurosci. 19, 369–375

72 Segar, J.L. et al. (2002) Effects of fetal ovine adrenalectomy on sympathetic and

baroreflex responses at birth. Am. J. Physiol. Regul. Integr. Comp. Physiol 283, R460–

467

73 Boguszewski, M.C. et al. (2004) Low birth size and final height predict high

sympathetic nerve activity in adulthood. J. Hypertens. 22, 1157–1163
746 www.drugdiscoverytoday.com
74 IJ, R.G. et al. (2003) Low birth weight is associated with increased sympathetic

activity: dependence on genetic factors. Circulation 108, 566–571

75 Johansson, S. et al. (2007) Increased catecholamines and heart rate in children with

low birth weight: perinatal contributions to sympathoadrenal overactivity. J.

Intern. Med. 261, 480–487

76 Pirojsakul, K. et al. (2017) Blood pressure and heart rate during stress in children

born small for gestational age. Pediatr. Nephrol. 32, 1053–1058

77 Jones, A. et al. (2007) Size at birth and autonomic function during psychological

stress. Hypertension 49, 548–555

78 Chifamba, J. et al. (2015) Vasomotor sympathetic outflow in the muscle

metaboreflex in low birth weight young adults. Integr. Blood Press. Control 8, 37–42

79 Fyfe, K.L. et al. (2015) Gestational age at birth affects maturation of baroreflex

control. J. Pediatr. 166, 559–565

80 Karvonen, R. et al. (2019) Cardiac autonomic function in adults born preterm. J.

Pediatr. 208, 96–103

81 Alexander, S.P. et al. (2017) The concise guide to pharmacology 2017/18: G

protein-coupled receptors. Br. J. Pharmacol. 174 (suppl. 1), 17–129

82 Capote, L.A. et al. (2015) GPCR signaling and cardiac function. Eur. J. Pharmacol.

763, 143–148

83 Cardoso, B.V. et al. (2019) Effect of intracerebroventricular epinephrine

microinjection on blood pressure and urinary sodium handling in gestational

protein-restricted male adult rat offspring. Biol. Open 2019, 8

84 Elmes, M.J. et al. (2009) Sex differences in sensitivity to beta-adrenergic agonist

isoproterenol in the isolated adult rat heart following prenatal protein restriction.

Br. J. Nutr. 101, 725–734

85 Spradley, F.T. et al. (2018) Adrenergic receptor blockade attenuates placental

ischemia-induced hypertension. Physiol. Rep. 6, e13814

86 Tamura, K. et al. (2014) Fetal programming by high-sucrose diet during pregnancy

affects the vascular angiotensin II receptor-PKC-L-type Ca(2+) channels (Cav1.2)

axis to enhance pressor responses. Hypertens. Res. 37, 796–798

87 Yzydorczyk, C. et al. (2006) Exaggerated vasomotor response to ANG II in rats with

fetal programming of hypertension associated with exposure to a low-protein diet

during gestation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 291, R1060–8

88 Tain, Y.L. et al. (2017) High fat diets sex-specifically affect the renal transcriptome

and program obesity, kidney injury, and hypertension in the offspring. Nutrients

2017, 9

89 Mao, C. et al. (2009) The effect of fetal and neonatal nicotine exposure on renal

development of AT(1) and AT(2) receptors. Reprod. Toxicol 27, 149–154

90 Mao, C. et al. (2008) Perinatal nicotine exposure alters AT 1 and AT 2 receptor

expression pattern in the brain of fetal and offspring rats. Brain Res. 1243, 47–52

91 Moritz, K.M. et al. (2010) Review: sex specific programming: a critical role for the

renal renin-angiotensin system. Placenta 31, S40–46

92 Pladys, P. et al. (2004) Role of brain and peripheral angiotensin II in hypertension

and altered arterial baroreflex programmed during fetal life in rat. Pediatr. Res. 55,

1042–1049

93 Goyal, R. et al. (2011) Antenatal maternal hypoxic stress: adaptations in fetal lung

renin-angiotensin system. Reprod. Sci. 18, 180–189

94 Mao, C. et al. (2010) Changes of renal AT1/AT2 receptors and structures in ovine

fetuses following exposure to long-term hypoxia. Am. J. Nephrol. 31, 141–150

95 Tsukuda, K. et al. (2012) Influence of angiotensin II type 1 receptor-associated

protein on prenatal development and adult hypertension after maternal dietary

protein restriction during pregnancy. J. Am. Soc. Hypertens 6, 324–330

96 Gwathmey, T.M. et al. (2011) Glucocorticoid-induced fetal programming alters the

functional complement of angiotensin receptor subtypes within the kidney.

Hypertension 57, 620–626

97 Wu, L. et al. (2016) High sucrose intake during gestation increases angiotensin II

type 1 receptor-mediated vascular contractility associated with epigenetic

alterations in aged offspring rats. Peptides 86, 133–144

98 Goyal, R. et al. (2010) Brain renin-angiotensin system: fetal epigenetic

programming by maternal protein restriction during pregnancy. Reprod. Sci. 17,

227–238

99 Langley-Evans, S.C. and Jackson, A.A. (1995) Captopril normalises systolic blood

pressure in rats with hypertension induced by fetal exposure to maternal low

protein diets. Comp. Biochem. Physiol. A Physiol. 110, 223–228

100 Sherman, R.C. and Langley-Evans, S.C. (2000) Antihypertensive treatment in early

postnatal life modulates prenatal dietary influences upon blood pressure in the rat.

Clin. Sci. 98, 269–275

101 Chappell, M.C. et al. (2014) Update on the angiotensin converting enzyme 2-

angiotensin (1-7)-MAS receptor axis: fetal programing, sex differences, and

intracellular pathways. Front. Endocrinol. 4, 201

102 Martinez-Aguayo, A. et al. (2012) Birth weight is inversely associated with blood

pressure and serum aldosterone and cortisol levels in children. Clin. Endocrinol. 76,

713–718

http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0210
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0210
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0215
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0215
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0220
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0220
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0225
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0225
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0230
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0230
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0235
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0235
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0240
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0240
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0245
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0245
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0250
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0250
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0255
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0255
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0260
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0260
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0265
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0265
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0270
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0275
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0275
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0280
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0280
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0280
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0285
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0285
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0290
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0290
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0295
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0295
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0295
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0300
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0300
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0300
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0305
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0305
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0310
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0310
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0315
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0315
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0320
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0320
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0320
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0325
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0325
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0330
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0330
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0330
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0335
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0335
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0340
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0340
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0340
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0345
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0345
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0345
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0345
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0350
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0350
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0350
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0355
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0355
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0360
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0360
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0360
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0365
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0365
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0370
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0370
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0375
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0375
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0375
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0380
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0380
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0385
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0385
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0390
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0390
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0395
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0395
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0400
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0400
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0405
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0405
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0410
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0410
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0415
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0415
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0415
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0420
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0420
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0420
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0425
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0425
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0430
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0430
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0430
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0435
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0435
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0435
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0440
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0440
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0440
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0445
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0445
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0450
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0450
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0455
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0455
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0460
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0460
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0460
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0465
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0465
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0470
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0470
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0475
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0475
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0475
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0480
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0480
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0480
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0485
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0485
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0485
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0490
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0490
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0490
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0495
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0495
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0495
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0500
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0500
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0500
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0505
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0505
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0505
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0510
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0510
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0510


Drug Discovery Today �Volume 25, Number 4 �April 2020 REVIEWS

Re
vi
ew

s
� G

EN
E
TO

SC
R
EE

N

103 Franco, M.C. et al. (2008) Circulating renin-angiotensin system and

catecholamines in childhood: is there a role for birthweight? Clin. Sci. 114,

375–380

104 Burnstock, G. (2017) Purinergic signaling in the cardiovascular system. Circ. Res.

120, 207–228

105 Sousa, J.B. and Diniz, C. (2017) The adenosinergic system as a therapeutic target in

the vasculature: new ligands and challenges. Molecules 2017, 22

106 Coney, A.M. and Marshall, J.M. (2010) Effects of maternal hypoxia on muscle

vasodilatation evoked by acute systemic hypoxia in adult rat offspring: changed

roles of adenosine and A1 receptors. J. Physiol. 588, 5115–5125

107 Espinoza, J. et al. (2011) High fetal plasma adenosine concentration: a role for the

fetus in preeclampsia? Am. J. Obstet. Gynecol. 205, 485

108 Escudero, C. and Sobrevia, L. (2012) Adenosine plasma levels in the fetoplacental

circulation in preeclampsia. Am. J. Obstet. Gynecol. 206 e5–6–e6–7

109 Iriyama, T. et al. (2015) Elevated placental adenosine signaling contributes to the

pathogenesis of preeclampsia. Circulation 131, 730–741

110 Escudero, C. et al. (2014) Impaired adenosine-mediated angiogenesis in

preeclampsia: potential implications for fetal programming. Front. Pharmacol. 5,

134

111 Fujitani, Y. et al. (1993) A selective agonist of endothelin type B receptor, IRL 1620,

stimulates cyclic GMP increase via nitric oxide formation in rat aorta. J. Pharmacol.

Exp. Ther. 267, 683–689

112 Dhaun, N. and Webb, D.J. (2019) Endothelins in cardiovascular biology and

therapeutics. Nat. Rev. Cardiol. 16, 5

113 Bourque, S.L. et al. (2013) Prenatal hypoxia causes long-term alterations in vascular

endothelin-1 function in aged male, but not female, offspring. Hypertension 62,

753–758

114 Alexander, B.T. et al. (2001) Endothelin type a receptor blockade attenuates the

hypertension in response to chronic reductions in uterine perfusion pressure.

Hypertension 37, 485–489

115 Drug discovery & clinical development. 2019 https://www.idorsia.com/documents/

com/fact-sheets-presentations/fs-clinical-development.pdf

116 Gupta, P. et al. (2004) Oxidative stress in term small for gestational age neonates

born to undernourished mothers: a case control study. BMC Pediatr. 4, 14

117 Stone, W.L. et al. (2014) The pathophysiology of smoking during pregnancy: a

systems biology approach. Front. Biosci 6, 318–328

118 Al-Gubory, K.H. (2016) Multiple exposures to environmental pollutants and

oxidative stress: is there a sex specific risk of developmental complications for

fetuses? Birth Defects Res. C Embryo Today 108, 351–364

119 Stark, M.J. et al. (2011) Influence of sex and glucocorticoid exposure on preterm

placental pro-oxidant-antioxidant balance. Placenta 32, 865–870

120 Brain, K.L. et al. (2019) Intervention against hypertension in the next generation

programmed by developmental hypoxia. PLoS Biol. 17, e2006552

121 Tain, Y.L. et al. (2016) Maternal melatonin or N-acetylcysteine therapy regulates

hydrogen sulfide-generating pathway and renal transcriptome to prevent prenatal
N(G)-nitro-L-arginine-methyl ester (L-NAME)-induced fetal programming of

hypertension in adult male offspring. Am. J. Obstet. Gynecol 215, 636

122 Hannan, N.J. et al. (2017) Resveratrol inhibits release of soluble fms-like tyrosine

kinase (sFlt-1) and soluble endoglin and improves vascular dysfunction –

implications as a preeclampsia treatment. Sci. Rep. 7, 1819

123 Vega, C.C. et al. (2016) Resveratrol partially prevents oxidative stress and

metabolic dysfunction in pregnant rats fed a low protein diet and their offspring. J.

Physiol. 594, 1483–1499

124 Cambonie, G. et al. (2007) Antenatal antioxidant prevents adult hypertension,

vascular dysfunction, and microvascular rarefaction associated with in utero

exposure to a low-protein diet. Am. J. Physiol. Regul. Integr. Comp. Physiol. 292,

R1236–1245

125 Roghair, R.D. et al. (2011) Maternal antioxidant blocks programmed

cardiovascular and behavioural stress responses in adult mice. Clin. Sci. 121, 427–

436

126 Ota, E. et al. (2015) Antenatal dietary education and supplementation to increase

energy and protein intake. Cochrane Database Syst. Rev. 2015, CD000032

127 Ekstrom, E.C. et al. (2016) Effects of prenatal micronutrient and early food

supplementation on metabolic status of the offspring at 4.5 years of age. The

MINIMat randomized trial in rural Bangladesh. Int. J. Epidemiol. 45, 1656–1667

128 Schoots, M.H. et al. (2018) Oxidative stress in placental pathology. Placenta 69,

153–161

129 Sherman, R.C. and Langley-Evans, S.C. (1998) Early administration of angiotensin-

converting enzyme inhibitor captopril, prevents the development of hypertension

programmed by intrauterine exposure to a maternal low-protein diet in the rat.

Clin. Sci. 94, 373–381

130 Hsu, C.N. et al. (2015) Aliskiren in early postnatal life prevents hypertension and

reduces asymmetric dimethylarginine in offspring exposed to maternal caloric

restriction. J. Renin Angiotensin Aldosterone Syst. 16, 506–513

131 Kawamura, M. et al. (2009) Angiotensin II receptor blocker candesartan cilexetil,

but not hydralazine hydrochloride, protects against mouse cardiac enlargement

resulting from undernutrition in utero. Reprod. Sci. 16, 1005–1012

132 Herrera, E.A. et al. (2010) Antioxidant treatment alters peripheral vascular

dysfunction induced by postnatal glucocorticoid therapy in rats. PLoS One 5, e9250

133 Kane, A.D. et al. (2014) Xanthine oxidase and the fetal cardiovascular defence to

hypoxia in late gestation ovine pregnancy. J. Physiol. 592, 475–489

134 Tarry-Adkins, J.L. et al. (2014) Nutritional programming of coenzyme Q: potential

for prevention and intervention? FASEB J. 28, 5398–5405

135 Li, H. et al. (2012) Cardiovascular effects and molecular targets of resveratrol. Nitric

Oxide 26, 102–110

136 Rueda-Clausen, C.F. et al. (2012) Synergistic effects of prenatal hypoxia and

postnatal high-fat diet in the development of cardiovascular pathology in young

rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 303, R418–426

137 Gila-Diaz, A. et al. (2019) A review of bioactive factors in human breastmilk: a focus

on prematurity. Nutrients 2019, 11
www.drugdiscoverytoday.com 747

http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0515
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0515
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0515
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0520
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0520
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0525
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0525
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0530
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0530
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0530
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0535
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0535
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0540
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0540
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0545
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0545
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0550
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0550
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0550
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0555
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0555
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0555
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0560
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0560
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0565
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0565
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0565
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0570
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0570
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0570
https://www.idorsia.com/documents/com/fact-sheets-presentations/fs-clinical-development.pdf
https://www.idorsia.com/documents/com/fact-sheets-presentations/fs-clinical-development.pdf
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0580
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0580
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0585
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0585
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0590
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0590
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0590
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0595
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0595
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0600
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0600
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0605
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0605
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0605
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0605
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0610
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0610
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0610
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0615
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0615
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0615
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0620
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0620
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0620
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0620
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0625
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0625
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0625
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0630
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0630
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0635
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0635
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0635
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0640
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0640
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0645
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0645
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0645
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0645
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0650
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0650
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0650
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0655
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0655
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0655
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0660
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0660
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0665
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0665
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0670
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0670
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0675
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0675
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0680
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0680
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0680
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0685
http://refhub.elsevier.com/S1359-6446(20)30045-3/sbref0685

	Insights into sympathetic nervous system and GPCR interplay in fetal programming of hypertension: a bridge for new pharmac...
	Introduction
	SNS and fetal programming of hypertension
	G-protein-coupled receptors and FPH
	Adrenoceptors
	Angiotensin receptors
	Adenosine receptors
	Endothelin receptors

	Interplay between the SNS and GPCRs in FPH
	Interventions to counteract FPH
	Concluding remarks
	Conflicts of interest
	Acknowledgments
	References


