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Abstract

Introduction—Numerous epidemiological studies indicate an inverse association between birth
weight and the risk for chronic kidney disease.

Areas covered—Historically, the first studies to address the developmental origins of chronic
disease focused on the inverse relationship between birth weight and blood pressure. A reduction
in nephron number was a consistent finding in low birth weight individuals and experimental
models of developmental insult. Recent studies indicate that a congenital reduction in renal reserve
in conjunction with an increase in blood pressure that has its origins in fetal life increases
vulnerability to renal injury and disease.

Expert commentary—Limited experimental studies have investigated the mechanisms that
contribute to the developmental origins of kidney disease. Several studies suggest that enhanced
susceptibility to renal injury following a developmental insult is altered by sex and age. More in-
depth studies are needed to clarify how low birth weight contributes to enhanced renal risk, and
how sex and age influence this adverse relationship.
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1. Introduction

1.1. Overview

Kidney disease, one of the leading causes of morbidity and mortality worldwide, contributes
to increased risk for cardiovascular disease, recurrent hospitalizations, and billions of dollars
in health-care expenditures each year (1). The National Kidney Foundation defines chronic
kidney disease (CKD) as “abnormalities of kidney structure or function, present for >3
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months, with implications for health (2).” The criteria for CKD includes a reduced
glomerular filtration rate (GFR) and markers of kidney damage. Although this primarily
refers to albuminuria, other molecular markers of kidney injury, electrolyte imbalances,
histological changes, structural abnormalities, or a history of kidney transplantation may
also be used for diagnosis. CKD is classified by degree of renal function from normal
functioning with secondary evidence of kidney injury to kidney failure. In contrast to CKD,
an acute kidney injury (AKI) is marked by a rapid increase in serum creatinine above the
patient’s baseline within one week and a reduction in urine output for greater than 6 hours
(3). AKI increases the risk for later development of CKD (3), and superimposed acute renal
injury in a patient with CKD increases the risk for end-stage renal disease (ESRD) requiring
dialysis or renal transplant (4).

Numerous studies indicate that CKD exhibits sex-specific differences (1, 5, 6, 7, 8).
Although the overall prevalence of kidney disease is greater in females compared to males
(1), perhaps due to the greater life expectancy of females, the decline in renal function and
incidence of ESRD is greater in males with CKD compared to female counterparts. In a
meta-analysis performed by Neugarten and colleagues (8) involving patients with
nondiabetic chronic renal disease (criteria included CKD of mixed etiology, IgA
nephropathy, membranous nephropathy, and autosomal dominant polycystic kidney disease),
males had a more rapid progression to ESRD than females. Data gathered from the
Modification of Diet in Renal Disease clinical trial also showed a greater rate of GFR
decline in males versus females (7). In this study, the sex difference in renal susceptibility
was abolished when controlled for higher baseline proteinuria and arterial pressure, and
lower baseline HDL cholesterol in males (7). These findings suggest that sex differences in
renal decline are related to variations in the maintenance of glomerular membrane integrity,
hypertensive nephrosclerosis, and lipid metabolism between men and women. Yet, the exact
mechanisms that contribute to the sexual dimorphism of renal susceptibility remain
unknown.

Diabetes and hypertension are the most common causes of CKD (9). Although not
completely understood, reductions in kidney function can be broadly linked to loss of
functional nephrons via glomerular injury, tubular injury, interstitial fibrosis, and a
combination of these factors. Studies in the past 20 years indicate that influences during fetal
life that limit growth may also contribute to greater renal susceptibility. A congenital
reduction in nephron number may be a major contributor to the developmental origins of
CKD (10). Thus, this review will focus on the developmental origins of enhanced
susceptibility to renal injury and increased risk for CKD.

1.2. Developmental origins of chronic health and disease

Dr. David Barker, an English epidemiologist, is credited as the first to propose the
hypothesis of fetal or developmental origins of chronic health and disease. In a paper
published in 1986, Dr. Barker (11) reported that rates of coronary heart disease were higher
in poorer regions of England and Wales in association with higher rates of infant mortality
50-60 years earlier. Based on this geographical association that existed 50 to 60 years apart,
Barker hypothesized that similar to the infants who died during the earlier period, those who
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survived unfavorable conditions during perinatal life underwent physiological adaptations
that predisposed them to increased risk for cardiovascular disease in later life (11). Since the
reporting of Dr. Barker’s fetal origins hypothesis (12, 13), numerous epidemiological studies
have expanded this concept to encompass a role for the development origins of CKD in
addition to a host of other chronic diseases.

Prior to discussing the developmental origins of renal disease, it is important to define the
terminologies. The terminology most commonly used to indicate an adverse fetal
environment, regardless of the etiology, is “intrauterine growth restriction” or IUGR. IUGR
indicates an inability of the fetus to reach its growth potential when compared to the
expected trajectory at any point during gestation (14, 15). Low birth weight (LBW) has been
used as a non-specific marker of an adverse fetal environment, and is defined by the World
Health Organization as a birth weight of less than 2500 grams (16). By this definition, LBW
may refer to both full term and preterm infants or those born before the 37t week of
gestation. “Small for gestational age” (SGA) is a narrower term that refers to infants with
birth weights below the 10t percentile for their gestational age (17, 18). Therefore, SGA
may be a better indicator of IUGR (19). However, weight below 2500g or LBW remains the
standard utilized in studies related to later increased risk of chronic health and disease that
follows slow or impaired growth during fetal life. In practice, the term LBW is used more
commonly than SGA, and it is often used interchangeably with IUGR.

The field of developmental origins of chronic health and disease has broadened since
Barker’s first study that implicated a relationship between infant mortality and death from
coronary heart disease (11). Although early investigators focused on maternal undernutrition
as the primary cause of IUGR, the etiology of IUGR is multi-faceted (20). Preeclampsia is
one of the most common causes of fetal growth restriction in the United States, and its
incidence has risen continually over the last three decades (21). However, other placental
disorders, perinatal exposures to nicotine, other synthetic chemicals or environmental
pollutants, chronic maternal illness or stress, and maternal infections are also associated with
IUGR (18, 22, 23). Numerous epidemiological and experimental studies focus on the link
between IUGR of different origins and the chronic health outcomes of offspring in later life.
Brenner (10) and others (24, 25, 26) have applied this hypothesis to the etiology of kidney
disease. Like Barker, Brenner postulated that IUGR leads to a redistribution of nutrient
delivery to supply essential tissues during development at the expense of organs like the
kidney which typically have a high functional reserve (10). Brenner hypothesized that
redirection of blood flow away from the kidneys results in a congenital lack of nephrons
(10). A reduction in nephron number leading to chronic hyper-filtration and hypertension
would contribute to increased susceptibility to a secondary renal insult, particularly with
aging, due to enhanced loss of renal reserve (10). Normal congenital nephron number is far
in excess of what is needed for normal function, but a loss of the renal reserve which usually
compensates for renal damage that occurs throughout the lifespan puts individuals with low
renal reserve at greater risk. Thus, a loss of excess nephron stores in response to a
developmental insult may lead to the development of kidney disease over time, in particular
following a secondary insult (Figure).
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2. Epidemiological studies linking birth weight and renal disease

2.1. Methodology: nephron number

Despite the high degree of variability in nephron number among the general population that
ranges from 200,000 to 2.5 million per kidney with an average of 900,000 to one million
(26), human studies consistently show a significant inverse relationship between birth weight
and nephron endowment in accordance with Brenner’s hypothesis (27, 28, 29). However,
evidence directly linking nephron number to kidney disease is inconclusive because until
recently, nephron number was always determined post-mortem with kidney injury
determined by histological assessment of the ex vivo kidney rather than measurement of
renal hemodynamics, proteinuria or other functional studies. Another caveat related to
measurement of nephron number at autopsy involves the ability to clarify whether an
individual had a congenital reduction in nephron number that predated the development of
kidney disease, or if a greater destruction of nephrons developed after injury or disease.
Even independent of kidney disease, there is a normal loss of nephrons with aging; this
further limits the ability to make conclusions from currently available findings. Loss of
functional nephrons occurs at a rate of approximately 10% per decade after 40 years of age.
Denic and colleagues at the Mayo and Cleveland Clinics used biopsy samples from living
kidney donors to estimate functional nephron number (30). Their results published in 2016
indicate that loss of nephrons with aging may be underestimated when using kidneys
obtained at autopsy (30). This underestimate of nephron loss determined at autopsy results
from the practice of using glomerulosclerosis as a marker of nephron loss, despite the
occurrence of atrophy and resorption of damaged tissue that could introduce another source
of variability in estimated values. In addition, the various methods by which nephron
complement is determined are semi-quantitative and prone to error. Due to these
confounding factors, it is difficult to determine if nephron loss results from a congenital,
early-life nephron deficit, an accelerated nephron loss with aging, or an additional decrease
in nephrons due to a secondary renal insult resulting from kidney injury or disease. These
biases complicate findings related to nephron number and renal disease.

2.2. Birth weight and renal function and disease

With the popularization and acceptance of the hypothesis of developmental origins of
chronic disease and health, a host of observational studies were performed to determine
whether an inverse association exists between birth weight and kidney disease. White and
colleagues performed a systematic review and meta-analysis of the literature published prior
to 2008 with birth weight as a study factor (26). Studies with valid measurement of kidney
function were selected. Analysis of the collected findings indicated that very LBW (<1500g)
individuals had a greater subsequent risk for development of CKD, determined by albumin/
protein excretion, serum creatinine level, creatinine clearance, GFR or presence of ESRD,
compared to normal birth weight counterparts (25). Das et al. noted similar findings in a
study published in 2016 (24). In this systemic review and meta-analysis of studies published
prior to September 2015, LBW was associated with lower GFR (24). In addition, over one
third of those with diabetes had LBW and CKD, defined by GFR and the microalbuminuria/
albumin excretion rate (AER) /urinary albumin creatinine ratio (ACR) (23). Although these
studies used different exclusion criteria and outcome measurements, these studies provided
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strong support for an association between birth weight and renal disease. A review by
Luyckx and Brenner further reported that in addition to CKD as a broad category, LBW was
also associated with a more rapid progression and greater severity of other renal diseases
such as IgA nephropathy, membranous nephropathy, minimal change disease, nephrotic
syndrome, and chronic pyelonephritis (31). Although impairment in nephron mass may be a
contributory component, heightened risk for hypertension and diabetes in LBW individuals
may also be contributory factors (31). Studies examining the relationship between birth
weight and renal disease in childhood or prior to confounding variables such as obesity,
smoking, or other chronic disease also demonstrate that the effect of LBW on renal function
initiates in early life. Cassidy-Bushrow and colleagues reported that GFR was reduced as
early as one year of age in LBW children (32); in a study by Frankfort et al., GFR decreased
between one and three years of age in children with the lowest birth weights (33). Khasla et
al. showed that by age 12, LBW adolescents had a greater risk for decreased eGFR in
association with increased systolic blood pressure (34). CKD is common in the elderly. Yet,
a study by Ruggjo et al. demonstrated that LBW and SGA were associated with a higher risk
for development of ESRD by age 40 with onset defined as the date of initiating dialysis
treatment or undergoing kidney transplantation (35). Taken together, these studies suggest
that LBW programs the development of impaired renal function and renal injury in early
life, enhancing the risk for CKD by middle age. Collectively, these findings substantiate the
need for additional studies that incorporate serial measurements for renal function and
markers of renal injury across the lifespan to clarify the etiology for the risk for CKD that
has its origins in fetal life.

Gestational age in addition to IUGR may be a contributory factor in the developmental
origins of increased kidney disease. Hirano and colleagues demonstrated a strong association
between birth weight and gestational age with childhood-onset CKD (36). In babies born at
term, the majority of nephron formation occurs during the last trimester of gestation with
nephrogenesis completed by week 36 of gestation (37). In infants born preterm,
nephrogenesis continues after birth (38) with the final nephron count determined during the
postnatal developmental period (39). The addition of preventative treatments in infants born
preterm may tax continued renal development during the postnatal period (39). Regardless,
abnormal glomerular morphology is observed in kidneys of infants born preterm (40),
making assessment of renal function problematic in preterm infants due to immaturity of the
kidneys (39). The incidence of preterm birth has increased over the last several decades.
Thus, the relative importance of preterm birth versus IUGR on renal disease is another area
that requires additional clarification, and advances in accelerating or prolonging
nephrogenesis in preterm infants are required to improve renal health and prevent kidney
disease.

2.3. Sex Differences in the developmental origins of renal disease

Within the general population the prevalence of CKD is greater in women; however, disease
severity is greater in men (5). Therefore, another observation that warrants further
investigation involves the effect of sex on the developmental origins of enhanced
susceptibility to renal injury and disease. Studies investigating sex differences in renal risk
that has its origin in early life are very limited. The Kidney Early Evaluation Program
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(KEEP) published by the National Kidney Foundation compared 12,364 patients at 18 years
and older and reported that an association between CKD was observed only in males;
criteria for CKD included serum creatinine, GFR and prevalence of albumin/creatinine ratio
and LBW (41). In a prospective cohort study involving young adults between 20 to 30 years
of age, Hallen et al. demonstrated that an association between IUGR and low-normal kidney
function was present, but was more pronounced in males that females (42). Yet, Lackland et
al. demonstrated that early-onset chronic renal failure classified based on Medicare criteria
was associated with LBW in both men and women (25). Differences in severity or stage of
disease progression evaluated in these studies may contribute to these sex-specific
differential outcomes. Regardless, how sex alters susceptibility to renal injury and disease
that has its origins in fetal life adds another layer of complexity that is yet to be revealed.

Observational studies within the human population provide correlative support for an inverse
association between birth weight and CKD. To provide proof of principle and investigate the
mechanisms by which low birth weight increases renal risk in later life, experimental models
of LBW are needed to determine how exposure to an adverse fetal environment programs
increased susceptibility to kidney injury and disease.

3. Experimental studies linking birth weight and renal risk

3.1. Methodology: nephron number and glomerular filtration rate

In order to evaluate the validity of studies that investigate how an insult during development
alters renal structure and function to increase renal risk, a broad knowledge of methods for
determining nephron number and evaluating renal function is needed. As in human studies,
measurement of nephron number within animal models is challenging, and often lacks
reproducibility. Additionally, methods for measurement of renal function vary in regards to
reliability and method.

A histological method for estimating nephron number involves counting of glomeruli (the
dense capillary beds that are the filtration component of each nephron) within selected
kidney sections. This method is limited by the assumption that glomeruli are equally
distributed throughout the kidney and also by the inability to detect glomeruli that lie
longitudinal to the axis (43). The gold standard method for assessment of glomerular
number that uses the three-dimensional structure of the kidney is the physical dissector/
fractionation method (44, 45). This method, based on the principle of Sterio (46), is an
unbiased approach that uses the whole kidney to provide the most accurate and precise
method for estimation of nephron number. Despite this, stereology is not often used. Caveats
include substantial histological sample preparation, specialized equipment to allow for
simultaneous projection of identical fields, and expense due to labor-intensive counting of
glomeruli (44, 45). A simpler, inexpensive alternative to stereology called acid maceration
was described by Kaufman et al. in 1975 (47). Slight variations on this technique are widely
used by many researchers and this approach estimates glomerular number based on aliquots
from whole kidney incubated in a weak acid (44, 45). Although more rapid and less costly,
acid maceration is less accurate than the stereology approach (44). If the acid incubation
period is too brief or too long, it may result in glomeruli remaining trapped within
surrounding tissue or destroyed. Tubular segments that coil during the preparation process
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take on the appearance of the rounded glomeruli. These variables make structures difficult to
identify resulting in some glomeruli being ignored or counted multiple times. Non-uniform
suspension of sample aliquot can also lead to counting error (44). Despite these concerns,
this process yields reproducible results and can serve as a reasonable estimate for
determining nephron numbers. Magnetic resonance imaging (MRI) is an emerging field in
the estimation of nephron number. MRI is the most rapid method for nephron quantitation,
and it is the only technique that can be utilized /n vivo. This method labels glomeruli with
ferritin, a protein-based nanoparticle that accumulates within the glomerular basement
membrane, to provide a direct measurement of every glomerulus in the kidney (44, 45). This
method also allows determination of intra-renal glomerular distribution (45). Although this
methodology may become a useful clinical tool, glomeruli can go undetected in the presence
of pre-existing renal pathology due to loss of the contrast agent in kidneys with extensive
glomerulosclerosis (44, 45). MRI also requires a substantial investment in equipment
making the cost prohibitive for most laboratories (44, 48).

Abnormal urinary excretion of albuminuria is a marker of renal damage (49). 24-hour
collection for analysis albuminuria is the gold standard; however, an acute measurement
when adjusted to urinary creatinine can correct for variations in urinary flow rate and
concentration (49). As in clinical practice, the primary indicator of kidney function in
experimental models is measurement of GFR (50). Assessment of GFR may involve indirect
or direct methods. Creatinine, an endogenous waste production of muscle metabolism that is
freely filtered by the kidney, provides a reliable estimate of GFR. This indirect approach
requires only a single blood sample. However, it is a less accurate estimate of GFR at
extremes of renal function and it may vary between individuals due to differences in muscle
mass, age, and sex (51). A more direct method for determination of GFR involves
measurement of the clearance rate of an exogenously administered substance that is also
freely filtered (50). Historically, this approach was cumbersome because it required
catheterization of the animal to allow for venous administration of the exogenous substance,
and arterial and bladder catheterization for collection of plasma and urine for determination
of the plasma clearance rate of the exogenous substance. Inulin and iothalamate fit the
proper criteria for clearance by the kidneys (50), but because of the difficulty of these
surgeries, GFR was generally measured only at the endpoint of an experiment. New
technologies use a similar principle, but provide a refinement in the approach for direct
evaluation of renal function. Transcutaneous measurement of GFR can detect the clearance
rate of a fluorescent inulin-like substance which can be injected through a venous catheter or
via tail vein to avoid catheterization thus allowing serial measurements (52, 53). In a study
by Carrara et al., injection of non-radiolabeled ioxhexol into conscious restrained rats
followed by four small blood draws from a tail vein was sufficient to calculate GFR (54).
This procedure, which requires analysis of iohexol by HPLC, was validated for male and
female rats under healthy conditions or following renal injury (54). MRI with measurement
of clearance by a contrast agent can also be used for estimation of GFR (55). MRI allows for
serial determination, but a caveat involves the association of larger cost (55). Use of these
approaches to determine nephron number and assess renal function provide the basis for
mechanistic investigations into how adverse events during development programs increased
susceptibility to kidney injury.
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Accurate measurement of renal function is also of great importance in the clinical setting.
Traynor et al. provide an excellent overview of current approaches for assessment of GFR
and highlight that serum creatinine predictions methods are the most widely reported
approaches (56). However, Delanghe suggests that inter-laboratory variability makes this
method unacceptable for use in infants and young children (57). A need for repeated
measurements limits use of radiolabeled substrates for detection of GFR in children and
adolescents (58). Thus, Schwartz and Work propose use of ioxhexol for measurement of
GFR in children (58). Further discussion of methods for detection of GFR in humans is
beyond the scope of this review. However, interpretation of GFR in studies investigating the
relationship between birth weight and renal disease require knowledge of best practices
regardless of species.

3.2. Intrauterine growth restriction, nephron number and glomerular filtration rate

Early experimental models of developmental programing were designed to replicate clinical
findings linking LBW and later cardiovascular risk. The first studies to provide proof of
principle involved protein or caloric restriction in pregnant animals (59, 60). Although
maternal undernutrition may be a causative contributor to LBW in developing countries,
placental insufficiency is the most common cause of LBW in well-nourished populations
(61). Although not fully understood, the pathophysiology of preeclampsia is thought to be
due to a failure of spiral artery remodeling in the uterus, leading to placental ischemia and
release of angiogenic factors into the systemic circulation that contribute to pathology within
the mother (62). Numerous studies indicate that offspring of pregnancies complicated by
preeclampsia have an increase in blood pressure (63). Thus, models of placental
insufficiency induced via bilateral uterine ligation (64) or reduced uterine perfusion pressure
(65) were developed to study the etiology of hypertension programmed by fetal exposure to
placental ischemia. Additional models of perinatal insult used for investigation into the
developmental origins of chronic disease include prenatal exposure to nicotine (66),
glucocorticoid excess (67), vitamin (68) and mineral deficiencies (69). Studies utilizing
these numerous experimental models of developmental insult have focused extensively on
the developmental programming of increased blood pressure (59, 60, 64, 65, 66, 67, 68, 69).
Numerous studies have also focused on metabolic disease and impaired glucose homeostasis
(70, 71, 72). However, studies indicating that LBW is linked with an increase in blood
pressure in addition to a decrease in GFR, risk factors for CKD (34), have led to expanded
investigation into the developmental origins of kidney disease.

Numerous studies using animal models of developmental insult demonstrate a link between
adverse conditions during development and various degrees of kidney dysfunction in later
life (Figure). A reduction in nephron number is a common finding in models of prenatally
programmed hypertension including rat offspring exposed to placental insufficiency (64), rat
offspring exposed to excess glucocorticoids during fetal life (73), and prenatal exposure to
protein restriction in the rat (74, 75) and sheep (76). Prenatal exposure to protein restriction
in the rat programs a reduction in creatinine clearance in low protein offspring compared to
control offspring by 2 months of age (75). In this study by Xie and colleagues, blood urea
nitrogen and proteinuria, markers of renal injury, were elevated in the low protein offspring
as early as 3 months of age (75). Glomerular number, measured by the method of acid
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maceration, was significantly lower, and an inverse relationship between glomerular number
and blood pressure was reported for all animals in this study (75). This study did not involve
a direct measurement of GFR (75). However, despite the finding that creatinine clearance
was elevated in the study by Xie, a reduction in absolute GFR is not always observed in this
and other experimental models of developmental insult. In a study by Woods et al., absolute
GFR was not reduced in rat offspring exposed to prenatal protein restriction (74). Subtle
differences in the degree of prenatal protein restriction may account for potential differential
findings; 8.5% low-protein in the study by Woods et al. (74) versus 10% low-protein in the
study by Xie (75). However, no change in absolute GFR is also reported in rat offspring
exposed to placental insufficiency (65) or prenatal dexamethasone exposure (73). Thus,
despite the presence of hypertension (65, 73, 74) and reduced glomerular number (73, 74),
absolute GFR is not altered under baseline conditions in many experimental models of
developmental insult. In the study by Woods et al., the gold-standard method of stereology
was used for estimation of glomerular number (74). Woods and colleagues also reported that
GFR, when adjusted per kidney weight, was reduced in the offspring exposed to prenatally
protein restriction; however, glomerular volume was increased (74). Thus, collectively
findings from the study by Woods et al. suggest that GFR at the level of the nephron may be
impaired following a developmental insult. However, glomerular hypertrophy in conjunction
with reduced nephron number serves as a compensatory response that contributes to
maintenance of absolute GFR. A reduction in nephron number associated with a
compensatory increase in glomerular volume is observed in IUGR offspring exposed to
placental insufficiency (64). Proteinuria is also observed in IUGR offspring (77) suggesting
that maintenance of global GFR by glomerular hypertrophy may occur at the expense of
enhanced risk for renal injury (Figure).

Zimanyi and colleagues demonstrated that a reduction in nephron number in low protein
offspring is associated with greater vulnerability to a secondary renal insult (78). GFR did
not differ under baseline conditions, but GFR was reduced in low protein offspring exposed
to a chronic infusion of advanced glycation end-products, a by-product linked to renal
disease (78). Susceptibility to a second renal insult is also increased in the model of
placental insufficiency as demonstrated in a study by Ojeda (79). Ojeda reported that
absolute GFR did not differ in IUGR relative to control rats under baseline conditions. But
following exposure to a secondary renal insult of mild ischemia-reperfusion (I/R) (15
minutes of ischemia followed by 2 hours of reperfusion), male IUGR offspring exhibited a
significant decrease in absolute GFR that was not observed in control offspring exposed to
mild I/R (79). Histological evidence of tubular injury was also observed in I/R exposed
IUGR offspring whereas I/R exposed control offspring were unaffected (79). A congenital
reduction in nephron number also enhances susceptibility to renal disease in the presence of
obesity or overfeeding during post-natal life (80, 81). Taken together, these studies suggest
that exposure to an insult during development programs an increased susceptibility to renal
injury in response to a secondary insult in later life (Figure). The congenital reduction in
nephron number that reduces functional nephron reserve may act to lower the threshold of
injury and serve as one mechanism by which enhanced susceptibility to renal injury and
disease have their origin in early life. Thus, these studies demonstrate that findings of
increased renal risk in animal models of developmental programming share homology with
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LBW humans, and that use of animal models, despite differences in their method of
developmental insult, can provide valuable insight to our understanding of the mechanisms
linking an adverse environment during development with increased susceptibility to kidney
disease in later life.

3.3. Nephron number, blood pressure and renal injury

A significant increase in blood pressure associated with a significant reduction in nephron
number are common findings in different models of developmental insult (Figure) (64, 73,
74, 75). Hypertension is a common cause of CKD; a reduction in congenital renal reserve is
strongly associated with increased renal risk. Yet, the extent of nephron loss, or the relative
importance of a congenital reduction in nephron number versus an associated increase in
blood pressure in the etiology of increased renal susceptibility are not clear. To address
whether the degree of nephron loss affects the progression of renal injury, Boubred and
colleagues utilized two different models of developmental insult that program a similar
increase in blood pressure associated with a differing degree in the congenital reduction in
nephron number (82). Their study demonstrated that a greater loss of nephron number in
offspring exposed to prenatal betamethasone was associated with a two-fold greater increase
in glomerulosclerosis compared to offspring exposed to prenatal protein restriction (82)
suggesting that the magnitude of congenital nephron loss contributes to the extent of renal
injury (82). However, caveats to the study included methodology and timing for
determination of nephron number. Nephron number was determined by acid maceration;
blood pressure was determined by tail-cuff, a method that is prone to stress-induced changes
in blood pressure (83). Determination of nephron number was at day 1 during nephrogenesis
and 22 months of age (82) after established hypertension, a potential confounding variable.

Blood pressure in adulthood is increased in rat (84) or sheep (85) that undergo a surgical
reduction in renal mass during development, suggesting that a congenital reduction in
nephron number is sufficient to initiate the development hypertension. However, in order to
discern the effect of a congenital reduction in nephron number independent of another /n
uteroinsult on renal injury and blood pressure, Ruta and colleagues (86) used a genetic
mouse model in which a nephron deficit develops spontaneously in a subset of the offspring.
Nephron number was measured via stereology with wild type mice compared to genetic
mice that exhibited a 65% or 25% reduction in nephron number (86). Blood pressure was
measured by the gold-standard method of radio-telemetry which provides an accurate
measurement of blood pressure in the absence of stress (83). Blood pressure did not differ
between wild type and reduced nephron number groups (86). 24-hour albuminuria and
histological analysis for renal injury also did not differ between wild type control and
reduced nephron number groups (86). Total renal volume was increased in both nephron
deficient groups relative to wild type controls (86). Thus, this study using the best available
methods indicated that a congenital deficit in nephron number alone was not sufficient to
induce a chronic increase in blood pressure. Importantly, nephron loss in the absence of an
increase in blood pressure was not associated with an increase in renal injury. However,
when challenged with a chronic salt load, blood pressure was increased in the nephron
deficient groups (86), suggesting that a congenital reduction in nephron number can program
a greater susceptibility to salt-sensitive hypertension indicative of impaired renal function.
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Thus, these studies suggest that a reduction in nephron number initiated in early life lowers
the threshold for renal injury, programming an enhanced susceptibility to renal injury and
disease. The presence of increased blood pressure may be required to induce enhanced renal
susceptibility in the absence of a secondary insult. However, a congenital reduction in renal
reserve per se, is not sufficient to program hypertension (Figure).

4. Sex, Age and Renal Dysfunction

A sex difference in the enhanced risk for increased blood pressure is observed in
experimental models of developmental insult. Numerous studies using different
experimental models demonstrate that female offspring are protected against programmed
increases in blood pressure in young adulthood relative to male littermates (65, 673, 87).
However, this protection is lost with aging (88, 89, 90, 91). Anderson et al. report that the
prevalence of hypertension, a risk factor for CKD, is greater in low birth weight women
relative to normal birth weight counterparts by 60 years of age but not at 50 years of age
(92). The etiology for the enhanced prevalence of higher blood pressure with age in low
birth weight women is not known. Whether similar findings extend to renal disease is not yet
clear. Yet, these studies provide rationale for sex- and age-specific effects on the association
between birth weight and renal disease, and indicate a need for additional studies to clarify
how sex and age influence this adverse relationship.

5. Clinical Caveats

All-cause mortality including risk of renal disease does not differ upon comparison of
kidney donors to the general population (93). Yet, recent studies indicate otherwise for
individuals with a congenital deficient in nephron number. Long-term outcome including
increased blood pressure, established proteinuria, and reduced GFR are reported for
Aborigine kidney donors in Australia relative to non-Aborigine donors (94). Glomerular
number is significantly reduced in Aborigines relative to non-Aboriginal individuals (95)
suggesting that a loss of renal reserve in later life in those already compromised from birth
may increase the risk for kidney disease. A recent study by Berglund et al. reported that birth
weight in living kidney donors is associated with albuminuria, a powerful predictor for later
renal disease (96). Collectively, these studies indicate that exposure to a sub-optimal
environment that slows fetal growth and impairs renal development may adversely affect
long-term outcome in living kidney donors. However, the effect of in utero programming of
increased renal risk may also extend to the allograph recipient. Mismatch between recipient
size and donor renal transplant size can adversely affect transplant outcome (97, 98). Using
kidney weight as an indicator of nephron mass, a study by Kim et al. showed that a greater
ratio of donor kidney weight to recipient body weight led to better 3-year allograph outcome
(98). Using a calculated renal reserve in cadaveric renal transplant donor kidneys, Nicholson
and colleagues reported that higher nephron dose was also associated with greater allograph
renal function outcome (97). For all studies in living donors, kidney function was normal
prior to donation. Thus, awareness to the long-term effect of reduced congenital renal
reserve on outcome of in renal transplantation are needed.
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6. Expert Commentary

Numerous epidemiological studies indicate that LBW is associated with a higher risk for
CKD. Experimental studies provide proof of concept. Numerous experimental studies have
investigated the mechanisms involved in the development of risk factors associated with
CKD including hypertension and cardiovascular disease. Studies have already demonstrated
sex differences in the susceptibility to programmed hypertension, with age abolishing the
sexual dimorphism seen in low birth weight populations. Yet, few experimental studies are
investigating the mechanisms that contribute directly to the developmental origins of kidney
disease. Although the field of developmental origins of cardiovascular-renal disease is
expanding, more research is needed to clarify the mechanisms that contribute to the
association between LBW and heightened susceptibility for CKD in later life.
Understanding the mechanisms that contribute to enhanced renal susceptibility will be
critical to developing therapeutic interventions and better treatment options for this subset of
the population that is at higher risk. As LBW is increasing in acceptance and awareness as a
risk factor for CKD, primary care physicians should include questions about a patient’s birth
history in addition to traditional risk factors for chronic disease like smoking and dietary
habits. Although current evidence about how this might affect treatment strategies is limited,
clinicians should be on alert for earlier signs of kidney disease in this population;
nephrologists should monitor progression of renal disease in this subset of patients.

7. Five-year view

Although the risk for hypertension and renal disease is low in living kidney donors, a recent
study by Berglund et al. reported that living kidney donors born LBW had a greater risk for
development of albuminuria. Albuminuria as a marker of early end organ damage introduces
a caveat to numerous studies that suggest kidney donation is relatively safe in terms of
chronic disease risk to the donor. Numerous epidemiological studies indicate that LBW
and/or preterm birth increases the risk for renal injury and disease in later life. Thus, this
study by Berglund and colleagues adds another consideration to the field of developmental
origins of chronic disease and health by suggesting that a perinatal history should be
included during a medical evaluation for consideration as a candidate for kidney donation.
The multitude of studies supporting the developmental origins of health and disease indicate
that a perinatal history could also be vital in determination of preventative and therapeutic
options for an individual’s health. Studies in human cohorts addressing serial changes in
renal function and blood pressure with control for confounding variables are needed to
discern the progressive nature by which adverse events during development enhance the risk
for renal injury and the development of chronic kidney disease. Retrospective longitudinal
studies provide insight into adult outcomes in populations born LBW or preterm (99, 100).
However, in the decades ahead, findings from several well-characterized cohorts that are
tracking the health of babies born LBW and/or preterm will provide important information
related to the rate of progression and degree of severity of renal injury and kidney disease in
these populations (101, 102). Research using experimental models is expanding. Using
“LBW?” or “preterm birth” or “SGA” and “renal injury” or “kidney disease” as search terms,
over 9,600 search results are reported for 2016 using the PubMed resource. This is more
than double from 2006. This is a significant advancement from the publication of Barker’s
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original paper noting the geographical association related to death from coronary heart
disease linked to adverse influences during fetal life that was published in 1986. In the years
to come, experimental studies will provide insight into mechanisms and the etiology of
increased renal risk that is programmed during fetal life; translational studies will expand
these findings to the bedside.
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Key Issues

. CKD contributes to increased risk for cardiovascular disease, recurrent
hospitalizations, and billions of dollars in health-care expenditures each year.
Criteria for CKD include a reduction in glomerular filtration rate and markers
of kidney damage such as albuminuria. CKD is associated with a gradual loss
of renal function and progression to end-stage kidney failure can be fatal
without dialysis or kidney transplant.

. It is well established that birth weight is inversely associated with risk for
CKD. Epidemiological studies suggest that reductions in renal function may
occur as early as one year of age in LBW individuals. Confounding influences
such as hypertension and diabetes, in addition to age, increase the risk for
CKD in LBW individuals.

. A reduction in nephron number is a common finding in LBW cohorts.
Experimental models that investigate the etiology of developmental origins of
kidney disease also note a consistent finding of reduced nephron number.
Experimental studies indicate that compensatory glomerular hypertrophy may
contribute to maintenance of absolute GFR in animal models of
developmental insult, but this may occur at the expense of enhanced risk for
renal injury and disease.

. Preterm birth is also a risk factor for CKD. Interventions to improve renal
development that occurs after birth are necessary to alleviate impaired
nephrogenesis and renal risk in this population.

. Epidemiological and experimental studies suggest that females in young
adulthood may be protected relative to male counterparts against increased
risk for renal injury and disease that has its origins in early life, but this
protection is lost with age.

. Birth weight is associated with heightened albuminuria in living kidney
donors. Normal congenital nephron number is in excess of what is needed for
normal function. However, a significant loss of renal reserve that originates
during fetal life may put LBW individuals with low renal reserve at greater
risk for renal injury over time, in particular following a secondary insult.
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Figure.

A schematic representing the pathway by which numerous adverse exposures during fetal
life program an increased risk for renal susceptibility and chronic renal disease.
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