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SUMMARY

The intrauterine environment is critical for the develop-
ment of the foetus. Barker and colleagues were the first to
identify that adverse perturbations during foetal development
are associated with an increased risk of developing diseases
in adulthood, including cardiorenal disease. Specifically for
the kidney, perturbations in utero can lead to nephron defi-
cits and renal dysfunction by a number of mechanisms.
Altered programming of nephron number is associated with
an increased risk of developing kidney disease via glomeru-
lar hypertrophy and reduced vasodilative capacity of the
renal blood vessels; both of which would contribute to
hypertension in adulthood, with males being more susceptible
to disease outcomes. Additionally, alterations in the renin-
angiotensin system (RAS) such as an upregulation or down-
regulation of specific receptors, depending on the nature of
the insult, have also been implicated in the development of
renal dysfunction. Sex-specific differences in the expression
of the RAS during late gestation and in the early postnatal
environment have also been identified. Extensive research
has demonstrated that both uteroplacental insufficiency and
maternal malnutrition alter renal development in utero.
Equally, exposure to maternal diabetes and maternal obesity
during development are also associated with an increased
risk of developing renal disease, however, the mechanism
behind this association is poorly understood. Therefore, iden-
tifying the link between an adverse intrauterine environment
and the programmed kidney disease risk in adulthood
may facilitate the development of strategies to alleviate the
epidemics of cardiorenal disease worldwide, in addition to
understanding why males are more susceptible to adult-onset
cardiovascular diseases.
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INTRODUCTION

The term ‘developmental programming’ encompasses the Barker
hypothesis, which states that in response to an unfavourable
intrauterine environment the foetus will adapt in order to com-
pensate.1 Consequently, the growth trajectory and organ develop-
ment of the foetus are altered in response to a poor intrauterine
environment. The most common consequence of perinatal insults,
in relation to the kidney, is a reduction in nephron endowment,
the critical filtering component of the kidney required for ade-
quate renal function. In a normal healthy adult, the number of
nephrons per kidney is highly variable; however the average
nephron number is between 900 000 and 1 million per kidney.2

Nephrogenesis, the process of nephron formation, is a complex
process involving significant remodelling and controlled apopto-
sis of nephrons.3 In humans, nephrogenesis completes prior to
birth, during the third trimester, thus emphasizing the importance
of the intrauterine environment.4 However, many studies investi-
gating the timing of insults relating to renal development have
been conducted in the rat, where nephrogenesis begins at 12 days
of gestation and is completed by postnatal day 8.4 Notably,
rodent models have been used to identify critical genes responsi-
ble for nephrogenesis, including potential mechanisms for their
activation and inhibition.5 Mature nephrons cannot regenerate
once nephrogenesis ceases, thus resulting in the permanent reduc-
tion in nephron endowment when altered nephrogenesis occurs.
The renin-angiotensin system (RAS) plays a critical role in

regulating sodium reabsorption, aldosterone production and vas-
cular constriction, and is also important for nephron develop-
ment.6,7 The RAS forms during development in both humans and
rodents, and controls blood pressure and fluid balance in the
body via the production of angiotensin II (ANGII).8,9 ANGII
binds to two receptors, angiotensin type 1 receptor (AT1) and
angiotensin type 2 receptor (AT2), and is critical in the regulation
of growth in the developing kidney.10 Specifically, ANGII bind-
ing to AT1 is critical for adequate proliferation of the renal
tubules and branching morphogenesis during development, whilst
ANGII binding to AT2 controls both the cessation of prolifera-
tion and induction of apoptosis in the kidney.11,12 However, the
role for these receptors has primarily been characterized during
adult life, while less is understood in utero during development
and in relation to sex-specific differences.
Renal development can be affected by a number of conditions

in utero. In particular, perturbations such as uteroplacental
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insufficiency, maternal malnutrition, gestational obesity and ges-
tational diabetes will be the focus of this review. In addition, the
involvement of the RAS and vascular system will be discussed
as potential mechanisms for the development of renal dysfunc-
tion. The major changes to the offspring, which are associated
with the insults described in this review, are summarized in
Table 1.

Uteroplacental insufficiency

Uteroplacental insufficiency affects 10% of pregnancies world-
wide and occurs when the function of the placenta is altered,
resulting in inadequate nutrient and oxygen delivery to the devel-
oping foetus.13 This form of growth restriction, common in Wes-
tern culture, differs from maternal malnutrition where food
supply is often restricted, which is prevalent in developing coun-
tries.14 Epidemiological studies have identified that a low birth
weight increases the risk of developing chronic kidney disease,
as defined by a reduction in glomerular filtration rate (GFR) and
albuminuria.15 While reduced GFR is often associated with the
development of renal dysfunction, it is important to note that an
enhanced GFR (≥ 90 mL/min per 1.73 m2) can also contribute to
the development of reduced renal function.16 At this time the
exact mechanism behind this observation is unknown, however, a
current hypothesis has linked the reduction in nephron number to
an increased risk of developing renal dysfunction.17 This hypoth-
esis is supported by several studies which have shown a direct
link between the total number of nephrons and birth weight in
humans.18,19 Additionally, Barker and colleagues postulated that
reduced renal development may have long-term consequences for
the health of the cardiovascular system.20

Although human studies identified the importance of the
intrauterine environment in the development of organ dysfunction
in later life, much of our understanding of the underlying mecha-
nisms linking low birth weight and altered development has come
from animal models. Rat models of uteroplacental insufficiency
commonly utilize a uterine vessel ligation surgery technique dur-
ing late gestation (gestation day 18; term = 22 days) that restricts
the blood flow to the foetus, impairing nutrient and oxygen trans-
port across the placenta.21–23 The timing of this surgery results in
a growth restriction of around 10%,23 mimicking the degree of
growth restriction which occurs in the Western world due to

uteroplacental insufficiency where food availability is not
restricted. This model of growth restriction, which includes our
laboratory’s model, identified that uteroplacental insufficiency
reduces nephron number and increases glomerular volume, which
is likely to be a compensatory mechanism in order to retain
the surface area of the glomeruli to maintain a physiological
GFR.21–23 However, glomerular hypertrophy results in an
increased pressure within the glomeruli themselves, which may
ultimately lead to renal dysfunction and systemic hyperten-
sion.17,24 While both male and female offspring are equally
affected by nephron deficits,25 males develop renal dysfunction
associations whilst females are relatively protected, at least during
early adult life.22,23,26 Similarly in sheep models of uteroplacental
insufficiency, induced by umbilico-placental embolization on day
110 of gestation (term = 147 days), there is a reduction in
nephron number regardless of gender.27 However, this model of
growth restriction leads to approximately 50% reduction in birth
weight,27 which is more severe than the approximately 10%
reduction in body weight that occurs in human uteroplacental
insufficiency.
Elevations in apoptotic factors within the kidneys of models of

uteroplacental insufficiency have identified genes critical for renal
development.28 In particular, elevated expressions of pro-apopto-
tic genes, including Bcl-2-associated X protein and tumour pro-
tein p53 mRNA, are associated with altered renal development in
uteroplacental insufficiency.28 Mechanistically this may be the
result of the oxidative stress that develops in the offspring as a
response to the reduced oxygen supply which occurs due to
decreased placental function, leading to reduced DNA methyla-
tion of pro-apoptotic genes.28

Uteroplacental insufficiency has also been associated with
alterations in the RAS, which may result in the pathogenesis of
renal dysfunction. We have previously reported that expression
of the AT1 gene in male offspring is affected by uteroplacental
insufficiency,26 with an increased expression of this receptor at
6 months of age, which is not seen in their female counterparts
at a similar age.22,26 In another rat model of uteroplacental insuf-
ficiency, where uterine perfusion is reduced at gestation day 14,
renin and angiotensinogen expression are reduced, which down-
regulates the RAS.29

Finally, alterations in vascular function may also have implica-
tions on the ability of the pre- and post-glomerular arterioles to

Table 1 Renal alterations in offspring born to uteroplacental insufficiency, maternal malnutrition, gestational diabetes and gestational obesity

Type of Insult Birth
weight

Nephron
endowment

Glomerular
hypertrophy

Altered RAS Renal
apoptosis

Reduced renal
vasodilation

References

Uteroplacental
insufficiency

↓ ↓ ↑ ↓ renin mRNA
↑ AT1
(males only)

↑ U 15,22,23,25–28,30,34

Maternal malnutrition ↓ ↓ ? ↓ renin mRNA
↓intrarenal ANGII (males only)

↑ U 34,35,39,42,45,46,81

Gestational diabetes ↑
↔
↓

↓ ↑ ↑intrarenal ANGII
↑ renal angiotensinogen
↑renin mRNA

↑ U 49,54,57–59,63,65,82

Maternal obesity ↑
↔
↓

? ↑ ↑renin mRNA
↓renin activity (males only)

? U 69,71,74,75
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adequately control glomerular pressure, leading to altered renal
development. Importantly, growth restricted males develop
hypertension, which is due to reduced relaxation in both mesen-
teric and femoral arteries, whilst the females are protected against
these vascular changes and hypertension.23,30,31 This finding
might suggest that growth restriction will also cause vascular
stiffness in the renal arteries and veins, however no-one has yet
investigated changes in renal vascular function in this model of
growth restriction. If this hypothesis is correct, alterations in both
renal vascular function, along with nephron deficits and glomeru-
lar hypertrophy, will likely contribute to the hypertension in these
male offspring.

Maternal malnutrition

Maternal malnutrition, similarly to uteroplacental insufficiency,
reduces the nutrient supply to the growing foetus, limiting the
growth potential of the offspring and leading to a low birth
weight.32 The effects maternal malnutrition has on the develop-
ment of intrauterine growth restriction was first observed during
the Dutch famine, where food supplies were restricted.33 The
children who were born to these mothers malnourished during
pregnancy had an increased albumin/creatinine ratio in adulthood
which is indicative of microalbuminuria.33

While a number of animal models have demonstrated that off-
spring exposed to maternal malnutrition during gestation have
reduced body weight, kidney size and nephron number at
birth,34,35 there are considerable variations in the degree of these
reductions. A study conducted by Woods et al. in Sprague–Daw-
ley rats fed a low protein diet (8.5% protein; chow = 19% pro-
tein) throughout pregnancy, reduced the number of nephrons
in male offspring.34 However a study by Langley-Evans et al. in
male and female Wistar–Kyoto offspring identified a reduction in
nephron number when mothers were exposed to a low protein
diet (9% casein) throughout gestation, during mid-gestation only
and during late-gestation only, but did not reduce nephron num-
ber when mothers were exposed to the low protein diet during
early gestation only.36 However, it is important to consider that
variations in results may exist due to the differences between the
strains of rat. In particular, Sprague–Dawley rats are prone to
spontaneous weight gain.37 Therefore, it is likely that under con-
ditions of dietary restrictions that spontaneous obesity may still
develop, which could enhance circulating concentrations of obe-
sity-related adipokines such as leptin, which has been postulated
to alter the development of nephrons.38 More recently, Woods
and colleagues identified that female Sprague–Dawley offspring
were relatively protected from nephron deficits when exposed to
a low protein diet (8.5% protein; chow = 19% protein) in utero,
suggesting both the timing and degree of protein restriction may
alter the outcome of these findings, particularly when investigat-
ing sex specific differences.39

Maternal protein restriction during pregnancy is also associated
with alterations in the ability of the offspring’s kidneys to regu-
late the RAS.34 Specifically, maternal malnutrition reduces renal
renin mRNA expression and intrarenal concentrations of renin in
both male and female offspring, in addition to reducing intrarenal
ANGII concentrations in male offspring.34 Moreover in rodents,
following maternal malnutrition, postnatal intrarenal ANGII con-
centrations remain low in postnatal life, indicating a permanent

alteration to the RAS, which would perpetuate past the postnatal
development of nephrons.40 Expanding upon this, a number of
factors have been implicated in the process of nephrogenesis and
are summarized in the review by Moritz et al.5

However, the role for the RAS in altered nephrogenesis in
models of maternal malnutrition is controversial. While exposure
to maternal malnutrition has demonstrated reductions in AT2
receptor expression in offspring at birth, only females retained
this downregulation into postnatal life.41 Further, Welham et al.
reported that maternal malnutrition is associated with increased
apoptosis in mesenchymal cells at embryonic day 13, prior to the
appearance of AT2 receptors.42 While apoptosis occurring during
nephrogenesis has been suggested as a possible mechanism relat-
ing to reduced nephron endowment, it remains unclear which of
the renal cell types may be affected by this process.42 More
recently, Cooke and associates identified that in response to
maternal malnutrition, both male and female Wistar–Kyoto off-
spring had enhanced G protein coupled receptor, GPR91, mRNA
and protein expression in the kidney on embryonic day 19.43

Interestingly on postnatal day 21 both renal expression of the
AT1 and the G protein alpha subunit (Gqa/11a; which is impli-
cated in vasodilatory tone in vascular smooth muscle cells) pro-
tein was enhanced only in male offspring, indicating that ANGII
undergoes signalling via AT1 receptor/Gqa/11a pathways,43 pos-
sibly resulting in renal dysfunction as shown in rodent models of
hypertension. On the other hand, renal expression of AT2 protein
expression was increased, regardless of sex, in these offspring at
postnatal day 21, while renin mRNA was only decreased in
female offspring.43 Therefore, enhancement of the GPR91 path-
way may assist in the explanation between a poor intrauterine
environment and the development of renal dysfunction.
Another possibility of programmed renal dysfunction may

occur due to alterations in mitochondrial gene expression.
Baboon foetuses (165 days; term = 183 days) whose mothers
were fed 70% of the average dietary intake (chow = 15% pro-
tein) develop alterations in the mRNA expression of mitochon-
drial dynamic proteins and metabolite transport, including
cytochrome C oxidase subunit VIa polypeptide 1, cytochrome C
oxidase subunit VIc, adenosine triphosphate synthase proteolipid
P3 and ATP synthase proteolipid P1.44 Particularly, these alter-
ations have been observed in a sex-specific manner with females
being affected to a greater extent compared to their male counter-
parts.
Endothelial dysfunction in offspring may also contribute to the

renal dysfunction in models of maternal malnutrition. In order to
mimic maternal malnutrition, Franco and colleagues fed rats 50%
of the average dietary intake (chow = 22% protein) throughout
pregnancy.45 Consequently, rats demonstrated an increased
response to noradrenaline induced vasoconstriction in the aorta of
both genders, which may be explained by alterations to the nitric
oxide-cyclic guanosine monophosphate pathway.45,46 As a result,
these alterations to the vasculature may contribute to increased
glomerular hypertension in the kidneys, thereby further exacerbat-
ing renal dysfunction.

Gestational diabetes

Gestational diabetes mellitus (GDM) has also been linked to
adverse postnatal outcomes for offspring, including obesity and
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altered glucose tolerance.47,48 However, studies investigating
renal dysfunction in children born to mothers who had GDM are
contradictory. For example, studies in Pima Indians identified that
children born to GDM mothers develop albuminuria in adult-
hood,49 a hallmark indicator of renal disease. Conversely, Becerra
et al. failed to identify any risk of renal dysfunction in infants
born to mothers suffering from GDM.50 However the inclusion
of only 12 mothers with GDM may have affected the efficacy of
results.50 Similar studies have also failed to identify the presence
of renal dysfunction in offspring.51,52 The differences in these
studies might be due to the age that the children were investi-
gated, as renal dysfunction may only develop in adulthood. In
addition, factors such as degree of glycemic control and the pres-
ence of pre-existing but undetected diabetes51 in each study may
lead to variable outcomes from the studies. Therefore, there is a
substantial gap in our knowledge pertaining to the epidemiologi-
cal effects in children born to mothers suffering from GDM.
Animal models have identified renal deficits and dysfunction

resulting from maternal hyperglycemia during pregnancy in their
offspring. In mice injected with glucose (1 mL of 25% glucose
as needed to maintain glucose above 200 mg/dL) on gestation
day 7.5 (8.1 � 1.2 mmol/L glucose prior to injection and
20.2 � 4.9 mmol/L glucose after injections) resulted in foetal
hyperglycemia in utero due to an increased transfer of glucose
across the placenta, which may cause developmental alterations
in kidney development.53 Current research indicates that foetal
hyperglycemia associated with GDM increases the number of
apoptotic podocytes in developing glomeruli and also upregulates
caspase-3 activity, which is responsible for the regulation of renal
apoptosis.54 Additionally, offspring from GDM mothers have an
increased renal angiotensinogen and renin mRNA expression,
which may increase ANGII expression, which would also result
in increased apoptosis.54,55 Foetal hyperglycemia increases RAS
activation, which signals via the nuclear factor-jB (NF-jB) sig-
nalling pathway to increase the rate of nephron apoptosis, thus
reducing nephron endowment.54 Although the NF-jB pathway is
associated with apoptosis in a number of cells around the body,56

the functional impact of this pathway on renal apoptosis is con-
troversial in diabetic nephropathy, with the NF-jB pathway
shown to be dysregulated in some human patients.57 The mecha-
nism for this is poorly understood, however the NF-jB pathway
is associated with renal apoptosis during development in a mouse
model.54 Therefore, future studies are required to determine the
effect of the NF-jB pathway in renal development in human
children born to GDM mothers.
In Wistar–Kyoto rats, a single intraperitoneal injection of strep-

tozotocin (25 mg/kg), causing moderate hyperglycemia (11.2–
15.0 mmol/L), on the first day of pregnancy resulted in enlarged
kidneys and the development of focal glomerulosclerosis in male
offspring at 26 weeks.58 In addition, renal parameters such as
GFR were enhanced, indicating the presence of renal dysfunction.
In another study, C57Bl/6J mice were injected with streptozo-
tocin (80 mg/kg) from days 6.5 until 8.5 of gestation, inducing
GDM, and kidneys of offspring were excised on embryonic day
14.5.59 These male and female offspring had reductions in the
development of ureteric tips and branching points, reduced
branching numbers and reductions to the development of the ure-
teric tree, including volume and length.59 In addition, nephron
endowment was reduced in these offspring on embryonic day

18.5, suggesting that nephron deficits may result from reduced
branching morphogenesis. Similarly to the pathways associated
with renal dysfunction in maternal malnutrition, rabbit kidneys
exposed to hyperglycemia results in GPR91-associated renal dys-
function occurring via activation of cyclooxygenase 2, enhancing
the release of renin.60,61

Furthermore, offspring born to GDM might have altered vascu-
lar function. Under normal conditions, insulin has the ability to
modulate the activity of blood vessels, which induces vasodila-
tion. As a consequence of GDM, elevated plasma insulin has
been demonstrated in the offspring.62 Thus, excessive concentra-
tions of plasma insulin in GDM may enhance pre-glomerular
vasodilation, as shown in cultured adult rat glomerular mesangial
cells.63 As a result, glomerular hypertension and hypertrophy
may occur, either directly or indirectly via the insulin-like growth
factor receptor,63 ultimately enhancing glomerular capillary per-
meability.64 Alterations to vascular resistance in male offspring
born to mothers with GDM include reductions in the endothelial
vasodilatory response in mesenteric microvessels via alterations
to the endothelium.65

Maternal obesity

Obesity during gestation is a substantial concern for Western cul-
ture, with 50% of women of childbearing age classified as over-
weight or obese in the United States of America and United
Kingdom.66 The health and development of the children may be
affected, with complications such as neural tube defects, macro-
somia, growth restriction and insulin resistance developing in
children born to overweight mothers.67 Although the effects of
obesity and the presence of a high-fat diet (HFD) are well under-
stood to contribute to renal dysfunction,68 the effects that obesity
and a HFD during pregnancy have on their children’s renal func-
tion is less well understood. In particular, there is a gap in
knowledge pertaining to the development of nephron deficits in
infants born to obese mothers, which warrants further investiga-
tion.
Much of the understanding of the effect maternal obesity has

on offspring renal outcomes has come from animal models. In
Sprague–Dawley rats, exposure to a HFD 10 days prior to mat-
ing and throughout gestation (20% animal lard) reduced the num-
ber of aortic smooth muscle cells and endothelial cell volume.69

This, in conjunction with reduced renin and Na+-K+-ATPase
activity, may exacerbate the development of hypertension; how-
ever no nephron deficit was identified.69 Nevertheless, there were
a number of limitations in this study, which may have affected
the efficacy of the results. Pup number was reduced at birth,
which may have resulted in enhanced nutrition to each individual
offspring. This particularly may be important when considering
the role of leptin in postnatal development of nephrons,70 where
offspring exposed to a leptin antagonist developed nephron defi-
cits in early postnatal life.38

Notwithstanding the limited data investigating the link between
nephron endowment and maternal obesity, animal models have
implicated alterations in endothelial and the RAS function in the
development of renal dysfunction in the offspring.71 Similarly, in
Sprague–Dawley rats a HFD prior to and during pregnancy and
lactation increased renal renin mRNA expression in male and
female offspring at 30 and 90 days of postnatal life.72 While
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there is good evidence that obesity results in reductions to
sodium excretion and enhanced sodium reabsorption,73 there is a
gap in knowledge pertaining to plasma and urine concentrations
of sodium in offspring of maternal obesity. In a Sprague–Dawley
model of maternal HFD, male offspring developed glomeruloscle-
rosis and impaired renal function (shown by an enhancement of
urine albumin excretion).74 The majority of studies investigating
the effects of maternal obesity have been centred on male off-
spring, with the effects more apparent in male offspring, such as
hyperinsulinemia, hyperleptinemia, hypertension, and left ventric-
ular hypertrophy.75 Importantly, female offspring exposed to a
HFD purely during gestation showed similar renal alterations, but
to a lesser degree.76 The presence of albuminuria, podocyte
injury, possibly via reduced nestin expression, and glomeruloscle-
rosis without the presence of alterations in GFR suggests that
these occur independently of altered renal hemodynamics.75,76

There is some suggestion that the sympathetic nervous system
plays a role in the programming of renal dysfunction in offspring,
as it is well understood that leptin affects the activity of the
hypothalamus.77 However, limited studies have been performed to
investigate this. Despite this gap in knowledge, it is well estab-
lished that the renal sympathetic nerve activity and blood pressure
both increase when exposed to a HFD in rabbits and these changes
can be reversed with the administration of leptin antagonists,78,79

implicating leptin in the development of renal dysfunction. Further,
in offspring exposed to a HFD (13.3% fat) in utero and during lac-
tation, leptin resistance develops in postnatal life along with hyper-
tension and increased renal sympathetic nerve activity.80 However,
it remains unclear whether these changes are associated with
increased visceral fat or whether they are attributable to changes in
the programming of the sympathetic nervous system.

CONCLUSION

Perturbations to the intrauterine environment result in a number
of deleterious outcomes for the offspring including hypertension
and renal dysfunction. In addition to uteroplacental insufficiency
and maternal malnutrition, GDM and maternal obesity may also
contribute to the pathogenesis of kidney disease in offspring.
Importantly, alterations in the RAS, induction of apoptosis,
reduction in nephron endowment (and subsequent glomerular
hypertrophy) and reduced vasodilation have all been implicated
in the development of renal dysfunction in both human and ani-
mal studies. Understanding the role of developmental program-
ming and adverse intrauterine environments will assist in the
development of strategies to ameliorate the effects and progres-
sion of renal dysfunction.
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