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Abstract
Purpose of the Review The purpose of this review is to highlight the clinical significance of increased renal risk that has its
origins in fetal life. This review will also discuss the critical need to identify therapeutic interventions for use in a pregnancy
complicated by placental dysfunction and intrauterine growth restriction that can mitigate the developmental origins of kidney
disease without inflicting additional harm on the developing fetus.
Recent Findings A reduction in nephron number is a contributory factor in the pathogenesis of hypertension and kidney disease
in low birth weight individuals. Reduced nephron number may heighten susceptibility to a secondary renal insult, and recent
studies suggest that perinatal history including birth weight should be considered in the assessment of renal risk in kidney donors.
Summary This review highlights current findings related to placental dysfunction, intrauterine growth restriction, increased risk
for renal injury and disease, and potential therapeutic interventions.
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Introduction

Complications during pregnancy that impair fetal growth con-
tribute to the developmental origins of increased blood pres-
sure and renal disease in the offspring [1]. The sources of
adverse exposures during fetal life are varied and include pre-
eclampsia, diabetes, parental smoking, maternal obesity, ma-
ternal stress, maternal alcohol consumption, maternal age or
poor perinatal care [2]. Some of these factors are preventable.
However, the etiology of pregnancy specific conditions such
as preeclampsia involves an etiology that is not completely
understood. Additionally, effective drug treatments to prevent
or treat preeclampsia are unavailable. The only treatment

option for preeclampsia involves early delivery or removal
of the placenta [3]. Yet, birth before 37 weeks results in pre-
term or low birth weight which is also associated with in-
creased blood pressure in the offspring [4••, 5].

Placental dysfunction is a critical contributor in the devel-
opment of preeclampsia [3]. The placenta, the interface be-
tween the maternal and fetal circulations, is a vital organ dur-
ing pregnancy that provides nutrients and oxygen to the de-
veloping fetus [6]. In preeclampsia, placental dysfunction can
impair maternal-fetal nutrient and oxygen exchange resulting
in intrauterine growth restriction (IUGR) [7]. IUGR, defined
as the rate of fetal growth below expected growth potential, is
the most common pregnancy-associated complication [8].
Maternal undernutrition, the major contributory factor to ad-
verse pregnancy outcomes in third world countries [9], also
impairs placental development and function [10]. Maternal
undernourishment can result in IUGR when alterations in pla-
cental weight, morphology, vascular development, and nutri-
ent transport function are not sufficient to maintain proper
fetal growth [10]. When nutrition is insufficient, the fetus un-
dergoes structural and functional changes to ensure survival.
Yet, when nutritional insults, regardless of etiology, occur
during a critical time of rapid cell growth and differentiation
during fetal development, normal physiological, anatomical,
and metabolic functions in the offspring are impaired [11, 12].
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These changes in organ structure and function persist after
birth and predispose offspring to increased risk for chronic
disease throughout their lifespan [13].

The concept that adverse influences during fetal life corre-
late to increased risk of cardiovascular disease in adulthood
was first proposed by Dr. David Barker [14]. Origination of
the hypothesis developed in the late twentieth century from
studies which indicated that infants born low birth weight (5.5
pounds or less) had increased risk for hypertension, renal dis-
ease, type 2 diabetes, and death from cardiovascular-related
events [14, 15]. Low birth weight is indicated as a crude
marker of an adverse intrauterine environment. Although
low birth weight does not have the same definition of IUGR
[2], numerous studies indicate a strong association between
indicators of low birth weight and later chronic disease [16].
The percent of infants born low birth weight within the USA is
8.2%; a rate that is higher within the black population (13.8%)
compared to the white (7.0%) [17]. The incidence of IUGR is
approximately six times higher in third world countries com-
pared to the USA [2]. Clearly, the prevalence of low birth
weight and IUGR indicates the importance of early life events
on long-term chronic health in an individual. Thus, the pur-
pose of this review is to highlight changes in placental func-
tion and structure that initiate the developmental origins of
chronic disease and the post-natal mechanisms that underlie
enhanced renal susceptibility to renal injury and disease. In
addition, this review will conclude with an overview of stud-
ies suggestive of therapeutic approaches and interventions de-
signed to improvematernal health during gestation with added
benefit of mitigation of poor fetal growth and increased risk
for hypertension and renal disease in the offspring.

The Placenta and Fetal Growth

Preeclampsia and maternal undernutrition both alter placental
development with subsequent adverse effects on fetal growth.
Although maternal, genetic, and fetal factors can play a caus-
ative role in the development of IUGR, the placenta is the
primary inter-face between the mother and the fetus and serves
as the critical regulator of nutrient supply to the developing
fetus [7, 18]. Nutrient transport from the mother to the fetus is
greatly dependent upon maternal food intake [10]. Nutrients
that are necessary for proper fetal growth include oxygen,
glucose, amino acids, and fatty acids, and there are a number
of factors that regulate the ability of the placenta to transfer the
nutrients to the fetus [7, 18]. The placenta is highly permeable
to the rapid diffusion of gases, and changes in utero-placental
blood flow can alter the diffusion of gases [19]. Nutrient avail-
ability, which is a primary determinant of fetal growth, also
involves transfer of larger, less permeable substances via nu-
trient transport proteins [19]. Nutrient transport proteins are
sensitive to utero-placental blood flow [20]. Nutrient concen-
tration gradients in addition to the expression and activity of

the nutrient transport systems also alter placental transport
mechanisms [20]. Placental weight or size is another factor
that directly affects the capacity for nutrient transfer through
changes in surface area [21].

Utero-placental insufficiency is common in pregnancies
complicated by preeclampsia and IUGR [7, 18]. Several stud-
ies indicate that nutrient transport is altered in experimental
models of preeclampsia and IUGR. Placental insufficiency-
induced via bilateral uterine ligation at day 19 of gestation in
the rat is associated with a decrease in expression of the pla-
cental glucose transporter 1 (GLUT1) and the placental glu-
cose diffusion channel (Cx26) [22]. Placental GLUT1 is also
reduced in a mouse model of IUGR-induced via bilateral uter-
ine ligation [23]. Overexpression of human adenoviral insulin
growth factor, an important regulator of placental and fetal
growth, corrects IUGR and restores reduced placental
GLUT1 expression [23] suggesting that correction of placen-
tal transport can also restore proper fetal growth. Placental
expression of Cx26 is also reduced in the model of IUGR-
induced via chronic overexpression of sFlt-1 in the pregnant
mouse [24]. Therefore, these studies indicate that different
models of preeclampsia and IUGR demonstrate similar path-
ways of impaired placental transport. Furthermore, the use of
experimental models of utero-placental insufficiency [25, 26]
and maternal undernutrition [27] provides the ability to inves-
tigate direct cause and effect between an adverse fetal envi-
ronment and increased blood pressure and renal risk in the
offspring.

Nephron Number and Renal Risk

Barker and Osmond first recognized the link between under-
nutrition during fetal life and increased risk for coronary heart
disease [28]. Barker and Osmond expanded their observation
by demonstrating that birth weight was inversely associated
with blood pressure suggesting that hypertension may be the
link between undernutrition during fetal life and increased risk
for cardiovascular disease in later life [15]. Based on these
geographical studies, Barker hypothesized that fetal undernu-
trition leads to disproportionate fetal growth and increased risk
for hypertension [14]. Brenner advanced this theory to incor-
porate a role for the kidney suggesting that a reduction in
nephron number at birth favors an increased risk of hyperten-
sion in later life [28]. In 1992, Hinchliffe and colleagues re-
ported that nephron number was below control values in
IUGR stillborn compared to control stillborn [29]. Using kid-
neys collected in autopsy, Hughson et al. later reported lower
nephron number in low birth weight individuals [30],
confirming that slow fetal growth is associated with improper
renal development. Collectively, these studies linking a reduc-
tion in nephron number with IUGR and low birth weight,
respectively, provide credence that events that impair fetal
growth are associated with changes in organ structure. In
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1994, using an experimental model of maternal low protein
during gestation to mimic maternal undernutrition, Evans and
Jackson reported that blood pressure was increased in off-
spring of low protein dams [31]. This was the first experimen-
tal study to substantiate the Barker hypothesis. A later study
showed that a reduction in nephron number is associated with
increased blood pressure in offspring from low protein dams
[27] providing correlative evidence linking exposure to under-
nutrition during fetal life with reduced nephron number and
increased blood pressure. In 2000, Lackland and colleagues
reported that low birth weight is associated with a greater
prevalence of end-stage renal disease (ESRD) [32]. Eriksson
et al. reported that low birth weight is associated with greater
risk for chronic kidney disease (CKD) [33] and more recently,
a review by Starr and Hingorani highlighted the association
between preterm birth increased risk for CKD [34••]. Taken
together, these studies suggest that insults during fetal life that
alter kidney structure and function are not just linked to hy-
pertension. To date, numerous experimental and clinical stud-
ies report that a reduction in nephron number at birth increases
risk for renal dysfunction and disease [34••, 35]. In 2017, the
Low BirthWeight and Nephron NumberWorking Group pub-
lished a consensus document highlighting the association be-
tween low birth weight, IUGR, and preterm birth with low
nephron number [36••]. This consensus developed a number
of recommendations and action items aimed at reducing low
birth weight and preterm delivery in addition to improvements
in detection and management of health birth outcomes. A list
of action items was developed to combat the growing evi-
dence that low birth weight and preterm birth are associated
with increased risk for hypertension and chronic kidney dis-
ease. However, concerns related to the effect of low birth
weight and nephron number on adverse health outcomes were
recently expanded to include the effect of low birth weight on
renal donation.

Birth Weight and Kidney Donation

Numerous studies indicate that kidney donation does not
heighten renal or cardiovascular risk within the general
population [37, 38]. Yet, recent studies suggest that low
birth weight or low nephron number may compromise
long-term health following renal donation. Nephron num-
ber is reduced in Australian Aborigines, a population that
has a high incidence of renal failure [39]. In 2009, a study
by Rogers et al. reported that renal risk is significantly
higher in Aborigines donors [40]. In 2019, Issa et al. re-
ported that albuminuria is increased in low birth weight
kidney donors [41•], a finding also reported by Berglund
et al. In 2014, Berglund et al. did not observe a greater
prevalence of hypertension in low birth weight renal donors
[42•]. Yet, a greater prevalence of hypertension in low birth
weight kidney donors was observed in a study by Jedrzejko

et al. published in 2018 [43•]. Differences in male and fe-
male predominance and time since donation within each
study cohort could contribute to differences in study out-
comes in these two studies. However, these studies high-
light the need for more in-depth investigation into the effect
of renal donation in individuals with a congenital reduction
in nephron number. Renal risk may also be increased in
those that receive a kidney from a low birth weight donor.
In 2017, Schachtner and Reinke reported that recipients of
kidneys from low birth weight donors require greater anti-
hypertensive therapy [44•]. Collectively, these studies sug-
gest that in addition to other exclusion criteria for kidney
donors, low birth weight as a surrogate marker of nephron
number should be considered in the selection process for
kidney donation.

In humans, nephrons are formed between 28 and 34weeks’
gestation, after which no additional nephrons are formed [30,
45]. In the rat, nephrogenesis continues after birth up to post-
natal day 10 [46]. In 1999, to address the importance of a
significant loss in nephron number during development on
later chronic health, Woods reported that uninephrectomy at
birth in the rat was associated with hypertension in the adult
rat [47]. Using a genetic model of reduced nephron number,
Ruta and colleagues demonstrated that a 25% reduction in
nephron endowment did not alter blood pressure on a regular
salt diet but was associated with a significant increase in blood
pressure on a high salt diet [48] suggesting exposure to ad-
verse environmental factors after birth heightens renal suscep-
tibility. A reduction in nephron number is associated with a
loss in glomerular surface area, a determinant of glomerular
filtration rate (GFR). Based on Brenner’s theory of
hyperfiltration, compensatory glomerular hypertrophy occurs
in response to nephron loss leading to glomerular damage,
proteinuria, and over time renal failure [49]. Exposure to an
insult that provides an additional challenge to the functional
components of a kidney or kidneys that are already compro-
mised by low nephron number may be a contributory factor to
increased risk for renal injury and CKD in low birth weight
individuals.

Secondary Renal Insult and Renal Risk

Using a model of reduced nephron number induced by fetal
exposure to maternal protein restriction, Zimanyi et al. test-
ed the hypothesis that exposure to a secondary renal insult
would result in greater renal injury in low-protein offspring
[50]. Low-protein offspring did not exhibit overt renal inju-
ry prior to a secondary insult. However, exposure to exog-
enous advanced glycation end-products (AGEs), a natural
byproduct that accumulates in the kidney in response to
injury, resulted in additional accumulation of AGEs and a
greater increase in markers of renal injury in low-protein
offspring compared to their control counterpart [50]. Plank
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et al. reported that IUGR low-protein offspring exhibit
greater renal susceptibility in young adulthood to acute
mesangioproliferative glomerulonephritis (GN) [51], a dis-
order that results in a progressive loss of renal function.
Plank et al. reported similar findings in IUGR offspring
from dams exposed to placental ischemia [52], and Ojeda
reported that IUGR is also associated with heightened renal
susceptibility to an acute secondary insult such renal
ischemia/reperfusion [53]. Based on recent studies
reporting low-birth weight heightens the risk for adverse
outcome after renal donation [41•, 42•, 43•, 44•], our labo-
ratory used a model of IUGR-induced via placental insuffi-
ciency in the pregnant rat to test the hypothesis that
uninephrectomy in adult IUGR rat offspring programs en-
hanced renal injury relative to control or normal birth
weight counterparts. We reported that uninephrectomy in
male IUGR offspring is associated with an increase in pro-
teinuria and urinary excretion of neutrophil gelatinase-
associated lipocalin (NGAL), a marker of renal injury, com-
pared to control counterparts [54]. Unlike previous studies
exploring enhanced renal susceptibility to a secondary in-
sult in young adulthood, uninephrectomy was induced in rat
offspring at 18 months of age, or the age equivalent to the
average age of kidney donors [55]. We also reported that an
increase in NGAL but not proteinuria is observed in
uninephrectomized female IUGR offspring [54]. It is well
established that women differ in their susceptibility to renal
disease relative to age-matched men [56]. Thus, in our
study, female IUGR offspring demonstrated less suscepti-
bility to uninephrectomy compared to male IGUR counter-
parts. Black et al. reported that female low-protein IUGR
offspring lose their protection against a decrease in renal
function with aging compared to male low-protein IUGR
offspring [57]. GFR was not altered in female or male
IUGR offspring in our study regardless of intact or
uninephrectomy [54]. The degree of protein restriction used
in the study by Black et al. was severe, 8.7% versus 20% fed
to controls [57]. Therefore, differences in the severity of
fetal insult could affect whether GFR under baseline condi-
tions is reduced or not. Whether aging including a longer
exposure to uninephrectomy would result in a similar de-
gree of renal injury in female uninephrectomized offspring
in our study compared to their male counterparts is not
known. Clearly, additional studies are needed to clarify
how sex and age alter enhanced susceptibility to a renal
insult in individuals compromised by IUGR and low birth
weight. Investigations into the mechanisms that contribute
to enhanced renal risk following a developmental insult are
also warranted in order to aid in the development of preven-
tative strategies and treatments. Yet, enhanced renal suscep-
tibly induced by an adverse fetal environment is not limited
to a secondary renal insult. Dietary challenges can also
serve as a second hit on renal health following a fetal insult.

Pre- and Postnatal Diet and Renal Risk

Chronic intake of a high protein diet does not adversely affect
renal function or GFR in healthy individuals [58]; yet, Shen
et al. and Chen et al. showed that postnatal exposure to a diet
high in protein is associated with a greater increase in blood
pressure and proteinuria in IUGR induced by maternal low
protein compared to IUGR rat offspring placed on a standard
protein diet [59, 60]. These studies indicated that a postnatal
diet high in protein content enhances the adverse effects of
IUGR, and that IUGR programs susceptibility to dietary chal-
lenges that would not alter renal health in normal birth weight
counterparts.

Obesity is an emerging risk factor for renal disease [61].
Obesity was a recent topic at World Kidney Day highlighting
the association of obesity as an independent risk factor for
CKD [61]. It is well established that maternal obesity pro-
grams metabolic risk in the offspring [62]. However, human
studies addressing the effect of maternal obesity on renal
health in the child are very limited [63]. Studies exploring
whether fetal exposure to overnutrition programs impaired
renal health and increased risk for kidney disease are limited.
In 2005, Armitage et al. reported that offspring of lard-fed rats
does not exhibit a change in glomerular number or volume
[64]. In 2017, Glastras et al. demonstrated that proteinuria and
serum creatinine levels are increased in offspring of high fat-
fed mothers [65]. Whether these changes are due to direct
exposure to maternal obesity or a result of metabolic distur-
bances is unknown. Thus, maternal dietary excess, like mater-
nal dietary undernutrition, can have long-term effects on renal
well-being in the offspring. Moreover, these studies indicate
that extensive additional investigation is needed to determine
the mechanism(s) that are involved the programming of ad-
verse health following exposure to overnutrition during devel-
opment, and to determine the long-term effect of prenatal ex-
posure to maternal obesity or maternal overnutrition on renal
health and susceptibility to renal injury.

Yet, another gap exists in our understanding of overnutri-
tion and its adverse consequences on renal function. The effect
of a postnatal diet rich in fat following undernutrition during
gestation has only recently been explored. In 2017, Rizzi et al.
reported that low protein rat offspring exhibit a significant
increase in markers of renal injury associated with altered
renal structure when exposed to a postnatal diet high in fat
[66]. Our laboratory reported in 2019 that IUGR induced by
placental ischemia in the pregnant rat results in a reduction in
GFR in male IUGR offspring by 6 months of age [67], an
observation not seen at 4 months of age in this model [25].
We also showed that chronic exposure to a postnatal diet
enriched in fat and sucrose results in a further decrease in
GFR in male IUGR offspring with no effect in male control;
GFR is not reduced in female IUGR offspring regardless of
diet [67]. Boubred et al. explored a more subtle effect of
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overfeeding on renal function, a reduction in litter size during
lactation that results in early accelerated growth in IUGR low-
protein rat offspring [68]. This study demonstrated that GFR is
not reduced in low-protein IUGR even up to 22 months of age
[68]. However, exposure to immediate postnatal accelerated
growth by lactation results in a decrease in GFR in IUGR low-
protein rat offspring not observed in normal birth weight rat
offspring [68]. Taken together, these studies emphasize the
importance of the postnatal diet following low birth weight
or IUGR on renal function.

Recent studies suggest that the effect of maternal diet on
renal function and disease is not limited to just over- or under-
nutrition. The Dahl salt-sensitive (Dahl SS) rat is a genetic
model of salt-sensitive hypertension outbred from the
Sprague Dawley rat by Lewis K. Dahl. This model has been
used extensively to study mechanisms related to salt-sensitive
hypertension. In 2004, Mattson and colleagues reported that
renal outcomes in the Dahl SS rat differed between a casein-
based diet versus a corn and wheat protein-based grain diet,
though both diets had similar protein content, 18–20% [69].
Blood pressure, albuminuria, urinary protein excretion, and
histological evidence of renal injury were higher in the Dahl
SS exposed to a casein diet versus the grain diet [69]. To
determine the specificity of the diet versus potential genetic
drift, in 2015, this group readdressed the effect of maternal
dietary source of protein during gestation on offspring chronic
health [70•]. Using colonies of Dahl SS rats maintained for
many generations on the two respective diets, embryo-transfer
experiments demonstrated that hypertension and renal injury
were exacerbated in offspring derived from grain-fed dams
and transferred to dams maintained on a casein-based diet
[70•]. Transfer from a dam maintained on a casein-based diet
to a grain-fed dam attenuated the increase in blood pressure
and degree of renal injury in the offspring [70•]. Genetic dif-
ferences were ruled out [70•] confirming the importance of the
maternal diet on susceptibility to renal disease in later life.

Therapeutic Approaches, Fetal Growth, and Benefit
Without Harm

The prevention of increased blood pressure induced by an
adverse fetal environment is a growing area of study. Yet, a
caveat in regard to administration of therapeutic approaches
during pregnancy involves consideration of benefit without
harm to the developing fetus in the prevention of programmed
susceptibility to chronic disease. Torrens et al. were one of the
first groups to demonstrate the beneficial effect of a maternal
intervention on offspring chronic health. They demonstrated
that folate supplementation, a factor critical for proper fetal
development, during pregnancy prevents the increase in blood
pressure in male offspring programmed by fetal exposure to
maternal protein restriction [71]. Franco et al. expanded this
finding to report that maternal administration of antioxidant

nutrients including folate, selenium, and vitamins C and E
during pregnancy also reduced blood pressure in low-protein
offspring [72], demonstrating the importance of micronutrient
supplementation on long-term benefit in offspring. However,
in this study by Franco et al., a reduction in nephron number
was not prevented indicating that long-term susceptibility to a
secondary renal insult including enhanced aging-related injury
may remain. Roghair et al. showed that administration of the
antioxidant, tempol, abolishes stress-induced blood pressure
reactivity in male offspring exposed to excess fetal glucocor-
ticoid exposure [73]. Yet, aortic dysfunction in female off-
spring was not improved [73]. Sex differences in blood pres-
sure and renal injury are observed in many models of devel-
opmental origins [1]. Thus, an important outcome of this
study by Roghair et al. involved the sex-specific programming
response to a gestational intervention [73]. Interventions using
manipulation of the nitric oxide (NO) pathway, another vaso-
active factor, also prevent increased blood pressure that has its
origins in fetal life. L-citrulline, a precursor for NO, abolishes
increased blood pressure in rats exposed to maternal nutrient
restriction [74], maternal dexamethasone [75], or type 1 dia-
betes induced by streptozotocin in the rat [76]. Therefore,
these studies are important as they highlight that a single in-
tervention provides benefit in offspring exposed to multiple
different fetal insults.

Preeclampsia, a leading cause of IUGR and maternal mor-
bidity and mortality, is associated with a reduction in NO-
cyclic guanosine monophosphate (cGMP) signaling [77].
However, the long-term benefit for prevention/treatment of
preeclampsia using therapeutic approaches that target the bal-
ance of NO and reactive oxygen species via chronic L-argi-
nine, L-citrulline, tempol, or other antioxidants is not clear
[78, 79] indicating a need to identify new therapeutic targets
that improve maternal health and provide benefit to the off-
spring. In 2009, Samangaya et al. reported the sildenafil cit-
rate, a phosphodiesterase type 5 inhibitor that prevents hydro-
lysis of the NO secondary messenger cGMP, was reported to
be well-tolerated during pregnancy and women with pre-
eclampsia [80]. In 2019, Groom et al. reported that although
maternal sildenafil use in pregnancies complicated by early-
onset fetal growth restriction had no beneficial effect on fetal
growth, there was no indication of fetal harm [81]. A system-
atic review of the literature by Paauw et al. published 2017
that evaluated experimental studies. Reported sildenafil is as-
sociated with improved fetal growth, but at higher doses used
clinically [82]. In 2013, George et al. reported that adminis-
tration of sildenafil abolishes hypertension in the well-
established and clinically relevant rat model of reduced uterine
perfusion pressure (RUPP) of preeclampsia, suggesting bene-
fit to the mother [83]. In 2016, Gillis et al. showed that silden-
afil administered during gestation in the Dahl SS rat lowered
blood pressure in the offspring although this perinatal inter-
vention had no effect on GFR [84]. Collectively, these studies
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provided support for a potential therapeutic that might not
only provide benefit to the mother with no harm in the off-
spring, but also mitigate increased blood pressure in the off-
spring. Yet, based on adverse outcomes including infant death
after birth, a clinical trial addressing sildenafil therapy during
pregnancy on fetal growth was halted [85] bringing into ques-
tion the safety and efficacy of this particular therapeutic inter-
vention. Clearly new therapeutic approaches are needed to
mitigate the developmental origins of chronic disease without
inducing additional harm in the offspring.

Preeclampsia is associated with an increase in production
of several factors including sFlt-1 and an agonistic angiotensin
II type 1 receptor autoantibody (AT1-AA). Cunningham and
colleagues recently reported that administration of a 7-amino
acid inhibitory peptide against the AT1-AA abolishes the in-
crease in blood pressure in RUPP dam [86]. LaMarca et al.
also reported that chronic administration of a TNF-alpha an-
tagonist attenuates hypertension in the RUPP dam [87]. For
both interventions, pup weight was not reduce in RUPP-
treated dams suggestive of benefit not harm [86, 87].
Although the use of many therapeutics are contraindicated
during pregnancy, anti-TNF compounds are commonly uti-
lized in womenwith immune-mediated inflammatory diseases
such as Crohn’s disease, rheumatoid arthritis, and psoriasis
and others prior to and throughout gestation [88–91]. The
benefit of the 7-amino acid inhibitory peptide against the
AT1-AA in human preeclampsia is not yet known. However,
these preclinical studies indicate potential new therapeutics for
the treatment of preeclampsia. Whether they induce harm to
the baby or mitigate the adverse consequence of placental

ischemia on IUGR and later chronic health of the offspring
is not yet known. Thus, additional studies are needed to clarify
benefit versus harm for these approaches in the offspring.

Conclusion

The developmental response to an adverse fetal environment
provides a mechanism for the fetus to adapt to conditions in
the intrauterine environment to ensure survival to birth. A
consequence of these adaptations is the developmental pro-
gramming of pathophysiological changes that underlie the
progression to increased blood pressure and renal risk later
in life (Fig. 1). This review provides an overview of the path-
ogenesis of IUGR and the renal changes that contribute to the
development of increased blood pressure and renal risk in
IUGR offspring. This review also highlights the critical need
to identify potential maternal interventions that will provide
benefit without harm to fetus and mitigate the increased risk
for renal disease that originates during fetal life.
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