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  INTRODUCTION 
The relationship between renal salt handling, intravascular 
volume homeostasis, and hypertension is well established, 
which points to the kidney as the central organ in the de-
velopment of hypertension. 1 Based on the concept of devel-
opmental programming, where an environmental stimulus 
experienced during a critical period of early development 
can induce long-term structural and functional adaptive 
changes in the developing organism, Brenner et al. pro-
posed that a low nephron number, acquired during fetal 
life, may predispose an individual to hypertension and renal 
disease.2,3 This hypothesis was attractive because low birth 
weight, a marker of an adverse intrauterine environment, if 
associated with a congenital reduction in nephron number, 
could potentially explain the variability in hypertension and 
renal disease prevalence observed among populations of dif-
ferent ethnicity where those with lower birth weights tend to 
have a higher burden of renal disease. 4–7 The initial hypothe-
sis suggested that a kidney with fewer nephrons would have 
a reduced   ltration surface area with a limited capacity to 
excrete sodium, thereby contributing to the development of 
hypertension. Although this “nephron number” hypothesis 
was initially quite controversial, and with time has proved 
to be not entirely this straightforward, the association be-
tween nephron number and predisposition to hypertension 
and renal disease has been borne out in many animal experi-
ments and human studies. 8–12 In this chapter we put forward 
the existing evidence comprising animal and human studies, 
which link nephron mass, birth weight, and other clinical 
variables with clinical outcomes. Extrapolation from ani-
mals to humans has many limitations and, therefore, where 
possible we have included human studies to corroborate or 
refute animal   ndings. Although this   eld has grown signi  -
cantly within the last decade and many questions remain un-
answered, a clearer and consistent picture is emerging that 
shows nephron mass does have clinical importance. 

An individual’s nephron mass is determined by a com-
plex interplay between genetics and environment, evolving 
throughout their lifetime, bearing the imprint of their past, 

being re  ected in their present, and affecting their future 
risk of hypertension and renal disease. Although tradition-
ally it has been thought that all kidneys have about 1 million 
nephrons, recent studies have found that total glomerular 
number varies up to 13-fold in human kidneys, much more, 
for example, than height or weight (Table 2.1). 13 The terms 
“nephron endowment,” implying number of nephrons pres-
ent upon completion of nephrogenesis; “nephron number,” 
implying the number of intact nephrons at the time of mea-
surement; and “glomerular number,” including the number 
of tubular and atubular glomeruli, have all been used in-
terchangeably. 13 In this chapter we use the term “nephron 
number” more generally to describe the total number of 
nephrons in a kidney at the time of discussion. The term 
nephron mass is used more broadly as a clinical term to in-
corporate nephron number, kidney weight, kidney size, and 
kidney volume. A discussion of the importance of acquired 
reduction in nephron mass in later life is beyond the scope 
of this chapter. 

 DEVELOPMENTAL DETERMINANTS OF 
NEPHRON NUMBER 
 Low Nephron Number 
Kidney development in humans proceeds from the 9th to the 
36th week of gestation. 9,14 Accurate determination of neph-
ron number is dif  cult because nephron number cannot be 
determined in humans in vivo. The unbiased fractionator-
sampling/dissector method is thought to be the most objec-
tive nephron counting method, and is currently utilized in 
most human studies. 15,16 This method, however, requires 
postmortem kidney samples and is very labor intensive. An 
in vivo glomerular counting method comparing the fraction-
ator technique with a combined renal biopsy/magnetic reso-
nance imaging (MRI) method in explanted canine kidneys 
has been attempted. 17 This study found a good correlation 
of glomerular number on average between the two meth-
ods, but, within kidneys, there was a 36% variance, calling 
individual applicability into question. Large-scale human 
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Nephron Numbers in Humans

TA B L E

Reference Population Sample Mean Range Fold
  Size

Nyengaard and Bendtsen Danish 37 617,000 331,000–1,424,000 4.3

Merlet-Benichou et al.a French 28 1,107,000 655,000–1,554,000 2.4

Keller et al. German 20 1,074,414 531,140–1,959,914 3.7
 Hypertensive 10 702,379 531,104–954,893 1.8
 Normotensive 10 1,429,200 884,458–1,959,914 2.2

Douglas-Denton et al. African Americans 105 884,938 210,332–2,026,541 9.6
 White Americans 84 843,106 227,327–1,660,232 7.3

Hoy et al. Australian non- 21 861,541 380,517–1,493,665 3.9
  Aborigines   

 Australian Aborigines 19 713,209 346,161–1,129,223 3.1

McNamara et al.b Senegalese 47 992,353 536,171–1,764,241 3.3

Hoy et al. African and white 420 901,902 210,332–2,702,079 12.8
   Americans, Australian

Aborigines, and non-
Aborigines and
Senegalese

aUsed acid maceration technique. All other studies used unbiased stereology.
bValues for 47 participants were combined from two publications.
Reprinted with permission from Puelles VG, Hoy WE, Hughson MD, et al. Glomerular number and size variability and risk for kidney disease. Curr Opin 
Nephrol Hypertens. 2011;20:7–15. See original manuscript for detailed references.

 studies of nephron number and association with phenotype 
are therefore not easily feasible. 

 Average nephron number has been reported to range 
from 617,000 (range 331,000–1,424,000) to 1,429,200 
(range 884,485–1,959,914) per kidney among normal adult 
Caucasian Europeans. 10,18  Other studies including subjects 
of multiple ethnic origins from the United States, Africa, 
and Australia showed somewhat similar results, with a mean 
number around the mid 800,000 glomeruli per kidney, with 
a very wide range, from 210,332 to 2,702,079 as shown in 
Table 2.1. 13  The range appears widest in kidneys from sub-
jects of African origin. 13,19  In general, nephron numbers are 
lower in older subjects, attributed to age-related glomerulo-
sclerosis and obsolescence. 18,20  Whether the high variability 
in nephron number across populations re  ects true differ-
ences or is confounded by small sample sizes or limitations 
of counting methods will become clearer with time as more 
studies accumulate or as better techniques evolve. 

 Various animal models have been used to study the 
impact of developmental programming on nephrogene-
sis. The details and pathophysiology of these models, and 
mechanisms whereby nephron numbers are reduced, are 

beyond the scope of this chapter and are outlined in detail 
elsewhere. 8,21,22  Extrapolating from the animal studies, from 
a clinical point of view, the factors associated with develop-
ment of low nephron number can be divided into two groups: 
modi  able and nonmodi  able, as outlined in Table 2.2. 

 Modi  able Factors 
 Modi  able factors associated with low nephron number in-
clude prenatal events—factors occurring during gestation 
and postnatal events occurring in the neonate. 

 Prenatal Factors.   Maternal diets de  cient in protein, to-
tal calories, or iron have all been shown to reduce nephron 
numbers in offspring of experimental animals, most of-
ten in association with low birth weight. 12,23–26  Figure 2.1 
shows a reduction in nephron numbers in low birth weight 
rats that were subjected to maternal low protein diets dur-
ing gestation. Maternal dietary de  ciencies are common in 
pregnant mothers in developing countries and therefore 
likely clinically relevant in a large proportion of the world. 27

Maternal vitamin A de  cient diets are associated with a 
dose-dependent reduction in nephron number in animals. 28

B

2.1
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TA B L E

REDUCED NEPHRON NUMBERS OR KIDNEY SIZE

Timing  Condition  Source of 
Data

Effect on Nephron Number 
(NNx)/Kidney Size

References

Prenatal,
modi  able

Maternal low protein diet or 
total calorie restriction

Animal ↓  NNx, 16%–40% 12, 246

Maternal vitamin A 
restriction

Animal ↓  NNx, in proportion to 
reduction in vitamin A

28, 29

Human  Small infant kidney size
Maternal iron restriction  Animal ↓  NNx, 22% 25
Gestational glucocorticoid 

exposure
Animal ↓  NNx, 20%–38% 37, 180

Uterine artery ligation/
embolization

Animal ↓  NNx, 20%–30% 81

Maternal diabetes/
hyperglycemia

Animal ↓  NNx, 10%–35% 50, 51, 247

Gestational drug exposure  Animal
  Gentamicin
    lactams
  Cyclosporine
  Ethanol
  COX2 inhibitors
  Indomethacin

↓  NNx, 10%–20%
↓  NNx, 5%–10%
↓  NNx, 25%–33%
↓  NNx, 10%–20%
↓  NNx
↓  NNx

40–45, 248

Prenatal,
nonmodi  able

Genetics
  RET(1476A)

polymorphism
  PAX2 AAA haplotype

Human

Human

10% ↓  newborn kidney 
volume

10% ↓  newborn kidney 
volume

63, 64

Prematurity  Human NNx ↓  with gestational age, 
limited post natal 
nephrogenesis

Reduced kidney size in growth 
restricted  children

54, 69, 132

Postnatal Nutrition  Animal NNx ↓  with postnatal nutrient 
restriction alone

32

Renal failure  Human  ? cause or consequence 
of NNx ↓

54

NORMALIZATION OR INCREASE IN NEPHRON NUMBER

Timing  Condition
Source of 
Data

Effect on Nephron Number 
(NNx)/Kidney Size  References

Prenatal Maternal vitamin A 
supplementation

Animal  Normalization of NNx in 
LPD model

82

Maternal amino acid 
supplementation

Animal  Normalization of NNx in 
LPD model

24

Factors Associated with Charges in Nephron Number and Kidney Size2.2

(continued)
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Factors Associated with Charges in Nephron Number and Kidney Size (continued)2.2
TA B L E

Timing  Condition
Source of 
Data

Effect on Nephron Number 
(NNx)/Kidney Size  References

Ouabain administration  Animal  Normalization of NNx in 
LPD model

84

Maternal uninephrectomy  Animal NNx ↑ 88, 89
Genetics
 ALDH1A2rs7169289(G)

allele
Human  22% ↑  newborn kidney size  83

Postnatal Reinstitution of good 
nutrition

Animal  Catch-up of NNx in LPD model  81

Overfeeding  Animal NNx ↑  in normal birth 
weight rats

152

↑ , increase; ↓ , decrease; ?, unknown.
Adapted from Luyckx VA, Brenner BM. The clinical importance of nephron mass. J Am Soc Nephrol. 2010;21:898–910.
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FIGURE 2.1 Relationship between glomerulogenesis, nephron number, and birth weight in rats subjected to maternal normal (NP) or 
low (LP) protein diets. Renal cortex at days 0 (d0) and 10 (d10) in rat offspring of NP-fed dams (normal birth weight, NBW) and LP-fed 
dams (low birth weight, LBW). (a) Normal glomerulogenesis in NBW offspring at d0, with comma-shape structure  (immature renal cor-
puscle, white arrow) and inner vascularized structure (mature renal corpuscle, black arrow); (b) LBW d0 with fewer corpuscular structures 
and moderately dilated tubules; (c) NBW d10 showing only mature renal corpuscles; (d) LBW d10 showing immature and mature renal 
corpuscles; and (e) number of glomerulus-like structures (immature [I] and mature [M]) measured in NBW and LBW offspring (n   5 per 
group). Symbols indicate group comparisons, P  0.05. (Reprinted with permission from Villar-Martini VC, Carvalho JJ, Neves MF, et al. 
Hypertension and kidney alterations in rat offspring from low protein pregnancies. J Hypertens Suppl. 2009;27:S47–51.)

Vitamin A de  ciency was examined in a cohort of Indian 
compared to Canadian mothers and found to be associat-
ed with signi  cantly smaller newborn renal volume, which 
the authors suggest likely re  ects lower nephron number. 29

Retinoic acid, the active metabolite of vitamin A, functions as 
a transcription factor regulating expression of Ret, a  tyrosine 

kinase receptor critical for kidney development. 30 Interest-
ingly, vitamin A levels are reduced by smoking and alcohol 
intake, both known to reduce birth weight. 31 Uteroplacental 
insuf  ciency, induced by uterine artery ligation late in gesta-
tion, also results in low offspring birth weight and low neph-
ron number. 32,33 This model may share some  similarities
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50 SECTION I  STRUCTURAL AND FUNCTIONAL CORRELATIONS IN THE KIDNEY

 Postnatal Factors. Although nephrogenesis is thought to 
be complete at birth in humans, this may not be the case 
for babies born  prematurely, and therefore a window in 
which  nephrogenesis may still be vulnerable likely exists 
soon after birth in these infants. 54 Consistent with this pos-
sibility, early postnatal growth restriction alone in normal 
birth weight rats was associated with a reduction in neph-
ron number, demonstrating the importance of early post-
natal nutrition on nephrogenesis. 32 The relevance of these 
  ndings to the  human, however, is questionable because 
nephrogenesis normally proceeds for 10 days after birth in 
rodents and therefore this period is analogous to late gesta-
tion in humans. These data may, however, have relevance to 
humans born prematurely. Indeed, in a cohort of children 
born either very low birth weight (  1,000 g) or prema-
ture (  30 weeks gestation), extrauterine growth restriction 
was associated with signi  cantly lower glomerular   ltration 
rates at a mean of 7.6 years of age, suggesting an impact of 
postnatal nutrition on renal development. 55 Another study 
of postmortem kidneys from premature infants who died 
after 40 days of life found glomerular number to be sig-
ni  cantly lower in those who developed renal failure com-
pared to those who did not. These   ndings may suggest 
that renal failure itself inhibits glomerulogenesis; however, 
it is also possible that fewer glomeruli made these extremely 
ill infants more susceptible to renal failure. In another co-
hort of critically ill premature infants, renal failure was a 
signi  cant complication and associated with a high mortal-
ity, although not associated with birth weight. 56 In contrast, 
another study did   nd neonatal acute kidney injury to be an 
independent predictor of mortality in very low birth weight 
infants.57 Prematurity itself is a recognized risk for renal fail-
ure in infants, and has been shown to be  associated with 
increased risk of subsequent hypertension and chronic kid-
ney disease (CKD). 58 Taking these human studies together, 
postnatal events do impact renal development in prema-
ture infants and may have  potentially adverse short- and 
long-term consequences. 

 Nonmodi  able Factors 
Nonmodi  able factors also impact nephrogenesis, and may 
occur in isolation or together with other potentially modi  -
able factors described previously (Table 2.2). 

 Genetics. Rare congenital and genetic abnormalities associ-
ated with abnormal kidney development manifest with renal 
dysfunction, often presenting very early in life. 11,59 Approxi-
mately 40% to 60% of childhood end-stage renal disease 
(ESRD) results from some form of  congenital renal hypopla-
sia.60 More subtle renal developmental abnormalities—which 
may not manifest as overt syndromes but, rather, with later life 
renal dysfunction—may well be the result of gene polymor-
phisms impacting nephron number. Renal hypoplasia and re-
duced nephron number have been described with full or partial 
deletion of over 25 genes in mice, which are  reviewed in detail 
elsewhere. 13,21,61 The important steps in kidney development 

with preeclampsia in humans in terms of the reduction of 
uterine blood   ow and the restriction of fetal nutrient supply. 

Increased fetal glucocorticoid exposure is a likely mech-
anism whereby maternal low protein diet reduces nephron 
number, via reduced activity of placental 11  -hydroxy-
steroid dehydrogenase activity, shown in both animals and 
humans.34,35 Similarly, administration of  glucocorticoids
during gestation in rats and sheep leads to reduced nephro-
genesis, although this effect was not seen in the  Marmoset
monkey. 36–38 Glucocorticoids are thought to reduce  nephron 
number by impacting ureteric bud invasion of the meta-
nephric mesenchyme, thereby limiting branching morpho-
genesis.8 The impact of maternal glucocorticoid  utilization
during pregnancy on human nephrogenesis is not known. 
Ingestion of other medications during pregnancy may also 
impact nephrogenesis in many ways. 39 Gestational adminis-
tration of aminoglycosides, beta lactams, cyclosporine, cyclo-
oxygenase inhibitors, and nonsteroidal  anti-in  ammatory 
drugs have all been associated with reduced nephron num-
ber in experimental models. 39–43 Similarly, chronic and acute 
gestational exposure to alcohol impairs embryonic ureteric 
bud branching, resulting in fewer nephrons in offspring. 44,45

In humans one abstract suggested an impact of maternal 
alcohol consumption on kidney development in Australian 
Aboriginal children. 9

Conceivably, therefore, all of these prenatal  experimental
conditions may impact human nephrogenesis and minimi-
zation of these exposures prior to and during pregnancy 
would optimize fetal nephrogenesis. The timing of an insult 
during gestation is also relevant to its impact on nephrogen-
esis, with the greatest effect in animals generally seen with 
interventions in the latter half of gestation. 8

Maternal factors also impact fetal development during 
gestation. Low birth weight is associated with multiple ma-
ternal factors although nephron number has not speci  cally 
been examined in most cases. 46,47 Manalich et al. found a 
strong correlation between low birth weight and low neph-
ron number in a cohort of Cuban newborns. 48 Maternal hy-
pertension and maternal smoking were correlated with low 
birth weight, although direct correlation with nephron num-
ber was not reported. In experimental animals,  maternal 
diabetes or hyperglycemia has been shown to result in 
approximately 30% lower offspring nephron number in 
some, but not all, studies, although differences in methods 
of nephron number counting may account for some of the 
variability. 49–51 In other studies, maternal diabetes was as-
sociated with smaller kidneys, higher blood pressures, mi-
croalbuminuria, and reduced glomerular   ltration rates in 
rat offspring. 51,52 In young adults, renal functional reserve 
was found to be reduced in those who had been exposed to 
maternal diabetes during gestation, compared to those with 
paternal diabetes (i.e., excluding a genetic component), or 
those with nondiabetic parents. 53 The reduced renal func-
tional reserve was interpreted by the authors as a possible 
surrogate for a reduced nephron number acquired in utero 
in the offspring of diabetic mothers. 

50



CHAPTER 2  CLINICAL IMPORTANCE OF NEPHRON MASS 51

been reported previously. 54,66 In addition, they found evi-
dence of active glomerulogenesis (indicated by the presence 
of basophilic S-shaped bodies under the renal capsule in kid-
neys) in premature infants up to, but not beyond, 40 days 
of life. 54 This was the   rst study to demonstrate ongoing 
nephrogenesis in humans postnatally. Similarly, in preterm 
baboons, nephrogenesis was found to continue after birth 
and nephron number was within the normal range; however, 
there was a greater proportion of abnormal glomeruli in the 
super  cial cortex compared to full-term controls, suggest-
ing compromised nephrogenesis after premature birth. 67 In 
contrast, Hinchliffe et al. did not   nd an increase in nephron 
number in growth restricted infants who died as stillbirths 
at varying gestations, or at 1 year of age, suggesting a lack of 
nephrogenesis after birth. 66,68 Gestational age was found to 
correlate with nephron number, which reached a maximum 
around 36 weeks. 69

 Gender. Gender likely plays a complicated role in develop-
mental programming. In the largest series of kidneys analyzed 
to date, glomerular number in adult females was found to be 
reduced by up to 12% compared to males. 13,70 In a cohort of 
Cuban newborns, however, nephron number was not affected 
by gender. 48 In experimental models, reviewed in detail else-
where, males generally tend to be more severely affected than 
females in terms of reduction in nephron number, as well as 
subsequent manifestation of hypertension and renal dysfunc-
tion.71,72 These differences may in part result from  differences 
in postnatal growth rates between males and females, 
gender-speci  c differences in adaptation to adverse events, 
and gender-speci  c regulation of genes and pathways im-
pacting renal development, function, and hypertension. 33,72

Similarly, a large study in humans found an association of 
CKD with low birth weight in adult males, but not in females, 
suggesting a possible impact of gender on subsequent disease 
expression, although mechanisms are not yet clear. 73

 Ethnicity. Hoy and colleagues have shown a reduction in 
nephron number among Aboriginal compared with non- 
Aboriginal Australians (Table 2.1). 70 Among African Ameri-
cans and Caucasian Americans, nephron number was not 
signi  cantly different in both groups and correlated with 
birth weight,  although the distribution appeared to be 
more bimodal in the African American cohort. 74 No low 
birth weight subjects were included in this study, but low 
birth weight is more prevalent among African Americans; 
therefore, in the general U.S. population, a greater propor-
tion of African Americans may have lower nephron num-
ber. This  remains to be  studied. Nephron number among 
Senegalese Africans and  African Americans was similar. 75

Among Cuban neonates, nephron number was again not 
different between black compared with white subjects. 48 To 
our knowledge kidneys of subjects from other ethnic groups 
have not been studied. Ethnicity, therefore, may have an 
impact on nephron number, although it is dif  cult to dis-
sect out an impact independent of its association with birth 

include speci  cation of the metanephric blastema from the 
intermediate mesoderm, formation of the ureteric bud and its 
outgrowth from the wolf  an duct, and ureteric bud branch-
ing. Genes participating in speci  cation of the metanephric 
blastema from the intermediate  mesoderm include Odd-1, Eya 
1 Pax 2, Wt-1, Six 1, Gdnf, and Sall 1, of which Odd-1 and  Eya -1
are critical. 21,60 Genes  regulating formation of the ureteric bud 
and its outgrowth from the  wolf  an duct include  Pax2, Lim1, 
Bmp4, and  Gdnf. 21,60 Gdnf (glial cell-derived  neurotrophic fac-
tor) signals through the  Gfr  1 receptor and the  c-Ret receptor 
tyrosine  kinase and, during branching, morphogenesis is only 
expressed on the tips of ureteric branches, selectively induc-
ing branching at this location. 21 Among the most important 
pathways impacting nephrogenesis, therefore, are  Gdnf/Ret
and Pax2. In mice, deletion of Gdnf and  c-Ret leads to re-
nal agenesis or severe  hypoplasia.21,60 Deletion of  Pax2, the 
“master organizer” of  renal  development, is incompatible with 
life.60 The impact of genetic polymorphisms in these pivotal 
genes has been studied in humans. Haploinsuf  ciency of the 
PAX2 gene causes the autosomal dominant renal coloboma 
syndrome,  associated with signi  cant reduction in nephron 
number and “oligomeganephronia.” 60,62,63 Taking this   nding 
further, looking for a more subtle impact in the wider popula-
tion, Quinlan et al. found that the common AAA haplotype of 
PAX2, present in 18.5% of newborns in a Canadian cohort, 
was associated with reduced allele-speci  c mRNA expression 
in vitro, and a 10% reduction in newborn kidney volume, 
compared with the  GGG haplotype. 63 Similarly, a polymor-
phic variant of RET, RET(1476A), was also associated with re-
duced mRNA synthesis, an almost 10% reduction in kidney 
volume, and higher levels of the renal function  marker cystatin 
C at birth compared with the  RET(1476G) variant in Cauca-
sian newborns. 64 These authors found that newborn kidney 
volume is proportional to nephron number, therefore  PAX2
and RET polymorphisms are likely associated with reduced 
nephron number in humans. 64 Among 15% of Caucasians in-
heriting both alleles, newborn kidney sizes were 23% small-
er. 65 Surprisingly,  however, none of 19 common  GDNF gene 
variants or three single nucleotide polymorphisms related to 
a putative GDNF-PAX binding site were associated with small 
kidney size among 163 Caucasians newborns. 65 One rare cod-
ing GDNF variant ( R93W) was not found in any subject and 
therefore, the clinical impact of this potential mutation is not 
known.65 These early and small studies suggest that genetic 
polymorphisms in genes that are critical in nephrogenesis 
may contribute to the wide spectrum of nephron number 
found in the general population. 

 Prematurity. Unlike in rodents, postnatal nephrogenesis 
does not occur in humans, except in extremely premature 
infants; therefore, nephron number is predominantly de-
termined in utero.  Rodriguez et al. examined kidneys from 
56 extremely premature infants compared with 10 full-term 
infants at autopsy. 54 Radial glomerular counts were lower 
in premature compared with full-term infant kidneys and 
glomerular number correlated with gestational age, as has 
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females at birth, led to restoration of nephron number and 
prevented the development of subsequent  hypertension com-
pared to pups with continued growth restriction. 81

 Vitamin A Supplementation 
Because vitamin A de  ciency is associated with a nephron 
de  cit, administration of a single dose of retinoic acid  during
early nephrogenesis restored nephron number to control 
levels in rat pups exposed to low protein diet in utero. 82

Postnatal administration of retinoic acid to preterm baboons, 
however, was not able to stimulate nephrogenesis compared 
to preterm controls, suggesting a more proximal window for 
the effect of vitamin A on nephrogenesis, although these re-
sults may have been confounded by routine antibiotics given 
to all animals, which may have negatively impacted nephro-
genesis, confounding a potentially small vitamin A effect. 30

 Genetics 
In a cohort of Caucasian newborns, a common variant of 
the ALHD1A2 gene involved in retinoic acid metabolism, 
ALHD1A2rs7169289(G), was associated with a 22% increase 
in newborn kidney size, and higher cord blood retinoic acid 
levels, compared to the wild-type  ALDH1A2 rs7169289(A)
allele.83 These authors suggest this gene polymorphism 
could be protective for nephrogenesis in the setting of vita-
min A de  ciency. 

 Prevention of Low Nephron Number 
The ubiquitous plasma membrane protein Na  /K -ATPase 
functions as an ion pump as well as a signal transducer. 
Ouabain is a highly speci  c Na  /K -ATPase ligand that 
triggers the release of calcium waves, which are important 
regulators of early development. 84 Interestingly, erythrocyte 
membrane Na  /K -ATPase activity was found to be reduced 
in a cohort of low birth weight males at age 20, making this 
a potentially relevant pathway. 85 The impact of ouabain ad-
ministration was studied experimentally as a modulator of 
nephrogenesis  under protein-de  cient conditions in vitro and 
in vivo. 86 Ouabain was found to abrogate the effect of serum 
starvation on ureteric bud branching in cultured metaneph-
roi, and to prevent reduction in nephron number in offspring 
of low protein diet-fed dams. 84 The ouabain was adminis-
tered throughout pregnancy in this study and, therefore, the 
potential of ouabain to rescue or restore nephron number 
once an adverse event is already established has not been 
studied. Similarly, supplementation of maternal diet during 
gestation with glycine, urea, or alanine prevented the reduc-
tion in nephron number induced by maternal low protein 
diet in all offspring, but blood pressure was only  normalized
in those receiving glycine. 24 Interestingly, nephron number in 
the offspring of mothers subjected to water restriction during 
gestation was increased, but also did not abrogate develop-
ment of subsequent hypertension—again suggesting possible 
divergent  programming mechanisms for nephron number 
and blood pressure in some models. 87

weight, socioeconomic factors, genetic polymorphisms, and 
many other potential confounders. 

 Intergenerational Factors. Among both white and African 
American women, mothers who had been of low birth weight 
had a signi  cantly increased risk of having low birth weight 
offspring, independent of economic environment, suggesting a 
cross-generational effect of maternal low birth weight. 76 Simi-
larly maternal, but not paternal birth weights, were associated 
with offspring birth weight, arguing for an intergenerational 
programming effect of the maternal environment. 77 Interest-
ingly, in a large population-based study, mothers experienc-
ing preeclampsia, especially when associated with premature 
birth and low birth weight in the offspring, are at increased 
risk of subsequent need for renal biopsy and/or ESRD. 47,78

A reduced maternal glomerular   ltration rate (GFR)   90 mL 
per minute and hypertension are signi  cant risk factors for 
preeclampsia, small for gestational age infants, and premature 
delivery. 79 The question arises why the mother herself may 
have been predisposed to these adverse pregnancy-related 
and renal outcomes. It is conceivable that a vicious cycle may 
occur where a low birth weight mother would be predisposed 
to programmed adverse pregnancy outcomes, in turn impact-
ing fetal nephrogenesis and thereby future pregnancy out-
comes and renal health of the subsequent generations. To our 
knowledge this speci  c association has not been studied in 
humans. In rats, the   rst generation offspring of mothers fed 
low protein diets during gestation had low birth weights, low 
nephron number, and developed spontaneous hypertension 
at 8 weeks of age. Offspring of these   rst generation females, 
although maintained on normal diets throughout gestation, 
also exhibited low nephron number and hypertension, dem-
onstrating intergenerational programming. 80 Interestingly the 
effect was lost by the third generation, suggesting that the in-
tergenerational cycle can be interrupted by optimization of 
risk factors such as maternal nutrition. 

 Strategies for Augmentation of Nephron 
Number
Although total   ltration surface area in individuals with fewer 
nephrons may not be reduced, as a result of compensatory 
hypertrophy of the existing nephrons (see later), low nephron 
number is still associated with an increased risk of hyperten-
sion and renal dysfunction in later life. Strategies to optimize 
nephron number may therefore have an important impact on 
clinical disease (Table 2.2). Interventions would likely need to be 
applied during gestation to have an optimal effect. Ideally, opti-
mization of all modi  able risk factors prior to pregnancy would 
appear the simplest and most widely applicable intervention. 
Clinically feasible interventions are being studied to potentially 
“rescue” nephron number and reduce subsequent hypertension. 

 Postnatal Nutrition 
Provision of adequate postnatal nutrition in low birth weight 
rat pups, achieved by cross-fostering onto normal lactating 
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 Anthropomorphic Features 
 Birth Weight 
 Low birth weight is de  ned by the World Health Organiza-
tion as a birth weight under 2,500 g. Very low birth weight 
is usually de  ned a below 1,500 g. Low birth weight could 
 result from prematurity itself (i.e., birth before the 37th week 
of gestation with an appropriate weight for gestational age), 
or from intrauterine growth restriction (IUGR) at any gesta-
tion. 46  A small for gestational age infant is de  ned as having 
a birth weight below the 10th percentile of normal for that 
gestational age. 46  Full-term IUGR is the most strongly associ-
ated with adult disease. 91  Risk factors for low birth weight are 
diverse and, in poorer countries, maternal malnutrition, poor 
prenatal care, and infections are common, whereas in the de-
veloped world, factors such as high risk pregnancies, assisted 
reproduction, multiple gestations, and advanced maternal age 
are becoming more frequent. 46,92  High birth weight is de  ned 
variably as a birth weight    4,000 g or    4,500 g, and is as-
sociated with maternal obesity, maternal diabetes, prolonged 
gestation, and reduced maternal smoking. 93  High birth weight 
has also been associated with adverse renal outcomes in the 
offspring, especially as a consequence of maternal diabetes. 94,95

 Maternal Nephrectomy 
 Uninephrectomy in rat mothers prior to pregnancy has been 
associated with an increase in offspring nephron number 
at birth; however, at 6 weeks, nephron numbers were not 
different from offspring of nonnephrectomized dams. 88,89

These authors suggest a possible circulating renotrophic 
factor in response to maternal uninephrectomy, possibly in-
ducing hypertrophy of the contralateral kidney, which may 
accelerate nephrogenesis in the fetus but may not affect ulti-
mate nephron number. These observations may be relevant 
in human cases such as maternal renal transplantation or 
maternal kidney donation, although timing of pregnancy in 
relation to nephrectomy may be an important variable. This 
area deserves more investigation. 

 CLINICAL SURROGATES FOR 
NEPHRON NUMBER 
 In vivo, nephron number can only be grossly estimated by 
MRI or kidney biopsy. 18,70,90  Associations of nephron num-
ber with readily available clinical variables have been de-
scribed and are outlined in Table 2.3. 

Clinical Surrogates for Low Nephron Number

Clinical Feature  Association with Nephron Number  Population  Reference

Low birth weight ↑  of 257,426 glomeruli per kg increase in birth 
weight

U.S. white and black, 
 children and adults

19

Prematurity ↓  glomerular number in premature compared 
to term infants

U.S. premature and full term 
neonates

54, 68

Gender  Nephron number is 12% lower in females  U.S. white and black
Aboriginal Australian

70

Age ↓  3,676 glomeruli per kidney per year of 
age  18 years

U.S. white and black
Aboriginal Australian

70

Adult height ↑  28,000 glomeruli per centimeter increase in 
height

Australian Aboriginal
German, white

10, 70

Kidney mass ↑  23,459 glomeruli per gram of kidney tissue Infants  3 months of age 64

Glomerular volume  Inverse correlation between glomerular  volume 
and nephron number

U.S. white and black
Aboriginal Australian
German adults,
Cuban infants

10, 13, 48

Ethnicity ↓  Aboriginal Australians compared to U.S. white 
and black

U.S. white and black
Aboriginal Australian

70

↑ , increase; ↓ , decrease.

TA B L ETA B L E
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 Low birth weight is the strongest current clinical surro-
gate for nephron number. Nephron number has consistently 
been shown to correlate strongly with birth weight in hu-
mans, with an extrapolated increase of 257,426 glomeruli 
per kilogram increase in birth weight. 19,48,54,70  The relation-
ship of birth weight to nephron number is preserved among 
Australian Aboriginals, African Americans, and Whites and 
therefore may be generalizable to other populations. 19,70  The 
speci  c relationship between nephron number and low birth 
weight has only been examined in infants. Low birth weight 
was associated with lower nephron number than normal 
birth weight, and was similar among black and white sub-
jects. 48,68  In experimental animals, however, not all low birth 
weight animals have been found to have reduced nephron 
number and, conversely, low nephron number has been re-
ported in the absence of low birth weight. 96,97  Birth weight 
alone, therefore, is not a universal surrogate for nephron 
number. To our knowledge, nephron number has not been 
speci  cally studied in high birth weight humans or animals. 

Other anthropomorphic correlates that have been associated 
with nephron number are highlighted in Table 2.3. 18,20,70,98  

 Kidney Size 
 Renal Mass 
 From autopsy studies, nephron number has been found to 
correlate directly with kidney weight in both adult and in-
fant cohorts. 18,64  Zhang et al. calculated a predicted  increase 
of 23,459 glomeruli per gram of kidney mass in infants un-
der 3 months of age. 64  In living subjects,  kidney weight is 
not routinely obtainable, but donor kidney mass measured 
prior to transplantation, as a measure of  nephron “dose,” has 
been shown to have clinical relevance (see later). 

 Kidney Volume 
 Kidney volume can be measured in vivo, making it an 
 attractive potential surrogate for nephron number.  Renal vol-
ume is dependent on nephron number, but is also  strongly 

Differences in Nephron Number, Glomerular Volume, and Total Glomerular Surface Area in 
the Right Kidney, U.S./Australian Adults (18  years), Means (SD)

All  No hypertension  Hypertension
No Hypertension 
versus Hypertension

US whites  Nglom
Nglom adja

855 183 (295 247)
866 722 (289 896)

894 339 (275 956)
912 876 (283 744)

747 727 (271 155)
779 808 (288 510)

P   0.026
P   0.046

US blacks  Nglom
Nglom adja

921 708 (318 089)
946 379 (322 516)

931 463 (290 529)
949 934 (288 768)

912 480 (350 329)
952 441 (353 197)

P   0.776
P   0.97

Aborigines  Nglom
Nglom adja

733 484 (217 763)
776 422 (253 631)

843 423 (199 384)
912 539 (218 432)

631 321 (105 298)
653 241 (178 609)

P   0.04
P   0.110

US whites  Mean Vglom,
gmean

7.1 (6.6–7.6)  6.87 (6.3–7.5)  7.82 (6.9–8.9) P   0.096

US blacks  Mean Vglom,
gmean

7.7 (7.2–8.3)  6.92 (6.3–7.6)  8.64 (7.8–9.5) P   0.0012

Aborigines  Mean Vglom,
gmean

7.7 (6.5–9.0)  6.88 (5.4–8.7)  8.0 (5.3–11.9) P   0.426

US whites  Vglomtot, cm3 5.68 (5.3–6.1)  5.79 (5.2–6.5)  5.34 (4.7–6.3) P   0.484

US blacks  Vglomtot, cm3 6.74 (6.3–7.3)  6.16 (5.6–6.8)  7.34 (6.6–8.2) P   0.020

Aborigines  Vglomtot, cm3 5.40 (4.6–6.3)  5.89 (4.4–7.4)  4.96 (3.9–6.3) P   0.365

Nglom, Nglom adj, and Vglomtot: arithmetic means (SD). Vglomtot is the combined volume of all glomeruli in the kidney. Vglom in  m3   106,
geometric mean (95% con  dence interval). Nglom for US whites versus US blacks, P   0.133. Nglom adj for US whites versus US blacks, P   0.079. 
Nglom for Aboriginal versus other, P   0.047.
aNglom adj: adjusted for proportions of sclerosed glomeruli seen on light microscopy.
Reprinted with permission from Hoy WE, Bertram JF, Denton RD, et al. Nephron number, glomerular volume, renal disease and hypertension. Curr Opin 
Nephrol Hypertens. 2008;17:258–265.

TABLETABLE
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correlated with current body size. 18  In fetuses and at birth, 
kidney volume is presumed to be directly proportional to 
nephron number; however, once normal kidney growth and 
adaptation occurs after a few months of life, impacted by 
body surface area, age, gender, glomerular hypertrophy, or 
nephron loss through injury, the relationship likely becomes 
less linear. 63  Despite this caveat, several authors have inves-
tigated utility of renal volume in relation to birth weight. 
Evaluation of fetal renal function by ultrasound in growth 
restricted  fetuses in utero found reduced hourly urine out-
put, greater oligohydramnios, reduced renal perfusion, 
and smaller kidney volume compared to normally growing 
 fetuses. 99–101  Although these   ndings could simply re  ect 
globally reduced renal perfusion, abnormal renal develop-
ment cannot be excluded. Another study utilizing serial 
 ultrasounds in a cohort of small for gestational age compared 
to appropriate for gestational age fetuses found that kidneys 
were smaller in the small for gestational age cohort, although 
kidney length was relatively preserved compared to width 
and circumference after 26 weeks of gestation. 102  Follow-
up of kidney size and growth postnatally in 178 premature 
or small for gestational age children, compared with 717 
term appropriate for gestational age controls, at 0, 3, and 
18 months found that weight for gestational age correlated 
with kidney volume at all three time points. 103  Slight catch-
up in kidney growth was observed in the growth-restricted, 
but not the premature infants. Among a cohort of low birth 
weight Australian Aboriginal children aged 5 to 18, renal 
volumes were found to be lower when adjusted for body size 
compared to normal birth weight children. 104  These authors 
also found that the reduction in kidney volume was driven 
more by a shorter depth than length of the kidney. Kidney 
length and volume were also both found to be smaller in a 
cohort of low birth weight children aged 10 to 12 years, and 
correlated weakly with lower GFR (Fig. 2.2). 105  In contrast, 

others found no difference in kidney volume, adjusted for 
body surface area and gender, between individuals who had 
been appropriate weight for gestational age at term, small for 
gestational age at term, or preterm at age 9 to 12 years. 106  
Among young adults born premature (either appropriate or 
small for gestational age) compared with term age-matched 
controls, prematurity was associated with smaller kidneys at 
age 20 years, whereas IUGR had only a small, nonsigni  cant 
effect. 107  Kidney volume may therefore be less reliable as a 
surrogate for nephron endowment as subjects age. In addi-
tion, as a note of caution, renal volumes were not compa-
rable between ultrasound and MRI in a neonatal population, 
suggesting that the same imaging modality should be used if 
measurements are to be compared. 108  

 Histologic Features 
 Glomerular Volume 
 Glomerular number has been found to vary up to 13-fold 
among all the cohorts studied, and glomerular volume has 
been found to vary up to 6.7-fold (Table 2.1). 13  Because 
nephron number is   xed at birth, glomerular size is  likely 
the major variable determining adaptation of   ltration 
 capacity to match the body’s demands. 19,20,48,98,109,110  In-
deed, calculated total   ltration surface area in kidneys with 
varying nephron number tends to be very similar, suggesting 
compensatory hypertrophy in those with fewer nephrons as 
shown in Table 2.4. 9  Consistent with this, mean glomeru-
lar volumes vary directly with body size, and inversely with 
nephron number and birth weight in all populations stud-
ied (Fig. 2.3). 10,48,70,111  Most studies, however, report mean 
glomerular volumes for a whole kidney. Further investiga-
tion into glomerular  heterogeneity has found signi  cant in-
ter- and intraindividual variability in glomerular size. 13,112  
Individual glomerular volume was found to vary up to eight-
fold within a single subject. 13  Glomerular size tended to be 
larger and more variable in the outer cortex compared to 
those deeper within the kidney. 13  In multiple analyses, hy-
pertension, obesity, age, and low nephron number emerged 
as major predictors of larger glomeruli and greater het-
erogeneity. 13,70,75,111–113  Interestingly, consistently, African 
American and African subjects have higher mean glomeru-
lar volumes and greater heterogeneity of glomerular volume 
compared to white subjects, independent of nephron num-
ber (Fig. 2.4). 13,75  Furthermore, between Senegalese and 
 African American subjects, glomerular volumes were higher 
in the U.S. cohort after controlling for body size. 75  Increased 
 glomerular volume and heterogeneity therefore may result 
from different mechanisms among African origin popula-
tions compared to Caucasians. Whether this may have posed 
an evolutionary survival advantage which may be maladap-
tive in the current environmental circumstances given the 
greater burden of renal disease among African Americans, 
or whether this may re  ect differences in glomerular perfu-
sion, circulating glucose concentrations, or chronic in  am-
mation, remains to be elucidated. 75,114  It is possible that the 

FIGURE 2.2 Correlation between growth restriction and kidney 
length. Kidney length (expressed as percent expected from the 
literature) is signi  cantly shorter in Caucasian children aged 
11.3   2.1 years who were born small weight for gestational 
age (SGA) compared with appropriate weight for gestational 
age (AGA) at birth. (Reprinted with permission from Simonetti 
GD, Raio L, Surbek D, et al. Salt sensitivity of children with low 
birth weight. Hypertension. 2008;52:625–630.)
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diabetes) will eventually become maladaptive and contrib-
ute to ongoing nephron loss. A kidney starting with fewer 
nephrons would therefore reach a critical de  cit within a 
shorter time. Consistent with this, evaluation of glomerular 
size in donor kidney biopsies again found higher maximal 
planar area of glomeruli to be a predictor of poorer trans-
plant function and, again, glomerular size was higher in 
African American subjects. 115  From a clinical point of view, 
therefore, an otherwise unexplained increased in glomerular 
volume should raise the suspicion of a coexisting reduction 
in nephron number, although this relationship is less clear in 
African origin populations. 

 Pathologic Changes 
 Most renal biopsy results in subjects with lower nephron 
number have commented on glomerular size. In general 
the degree of glomerulosclerosis present in kidneys with 
low nephron number has been found to increase with age 
and hypertension, but has not been a prominent feature in 
most studies. 116  The pattern of glomerulosclerosis has been 
 described as a global ischemic collapse rather than classical 
focal and segmental glomerulosclerosis that might have been 
expected with hyper  ltration causing cumulative glomerular 
injury. 74  A recent case series of six very low birth weight sub-
jects, aged 15 to 52 years, who had been born prematurely, 
however, did   nd evidence of secondary focal and segmental 
glomerulosclerosis, associated with glomerulomegaly in all 
biopsies. 117  Although all biopsies were performed because 
of a clinical indication, and therefore may not be a gener-
alizable sample, the authors suggest that low birth weight 
was a common denominator predisposing to hyper  ltra-
tion and glomerulosclerosis. Analyses of histologic changes 
in human biopsies may be confounded by multiple factors. 
In kidneys of rats exposed to gestational low protein diet, 
fewer and more immature glomeruli were present on day 10 
at the end of nephrogenesis, exhibiting a markedly thick-
ened glomerular basement membrane and abnormal podo-
cyte structure (Fig. 2.1). 118  Similarly, in prehypertensive 
 Gdnf  heterozygous mice, which have a 30% reduction in 
nephron number, glomerular enlargement was observed, as-
sociated with an increase in cellular proliferation,  thickened 
glomerular basement membrane, reduced podocyte density, 
and a mild expansion of the tubulointerstitium. 119  In rats 
rendered diabetic at 12 weeks, and followed until 40 weeks, 
glomerular changes associated with diabetes were similar in 
those that had been of low birth weight compared to normal 
birth weight. However, again, in addition to lower nephron 
number, podocyte density was reduced and the area  covered 
by each podocyte was greater in the low birth weight  diabetic 
animals. 120  Interestingly, proteinuria tended to be higher in 
the low birth weight group, likely  suggesting a greater de-
gree of hyper  ltration. Taken together, these authors pos-
tulate that early subtle structural abnormalities in kidneys 
with reduced nephron number may enhance susceptibility 
to subsequent renal injury. 
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FIGURE 2.3 Relationship of glomerular volume (Vglom) to neph-
ron number, birth weight, and body size. A: Inverse association 
of mean glomerular volume (Vglom) with nephron number, 
n   252; (B) inverse association of mean glomerular volume 
 (Vglom) with birth weight, n   58; and (C) direct association of 
mean glomerular volume (Vglom) with body mass index (BMI; 
obese  30 kg per m2, n   95; lean  25 kg per m2, n   78). 
Subjects were U.S. whites and African Americans. * P  0.05. 
 (Reprinted with permission from Puelles VG, Hoy WE, Hughson 
MD, et al. Glomerular number and size variability and risk for 
 kidney  disease. Curr Opin Nephrol Hypertens. 2011;20:7–15.)

greater average adult height among African American sub-
jects may augment   nal nephron number, diminishing the 
relationship with birth weight, but may not compensate for, 
or may exacerbate,  other potentially programmed changes 
such as glomerular size. Compensatory hyper  ltration may 
be adequate in the short term to augment glomerular   ltra-
tion, but sustained hyper  ltration, especially in the setting 
of additional renal stresses (e.g., rapid growth, hypertension, 

56



CHAPTER 2   CLINICAL IMPORTANCE OF NEPHRON MASS 57

 CLINICAL IMPACT OF NEPRHON MASS 
 Blood Pressure 
 Birth Weight and Blood Pressure 
 Many studies in humans and animal models have sup-
ported the observation that low birth weight is associated 
with higher blood pressures in later life (Fig. 2.5). 12,121–127  
Higher blood pressures have been reported in newborns 

Mean glomerula r
volume (µm3×106)
means  (95% Cl)
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Nglom ≥227 327 ≥669 856 ≥854 419 ≥1 101 498

FIGURE 2.4 Relationship between mean glomerular 
volume and glomerular number (Nglom) in U.S. whites 
and African Americans. Mean glomerular volume by quar-
tiles of glomerular number. Light bars are U.S. whites and 
dark bars are African American adults. U.S. whites, P for 
trend  0.0001; African Americans P for trend   0.0008. 
 (Reprinted with permission from Hoy WE, Bertram JF, 
Denton RD, et al. Nephron number, glomerular volume, re-
nal disease and hypertension. Curr Opin Nephrol  Hypertens. 
2008;17:258–265.)
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FIGURE 2.5 Relationship between birth weight, nephron num-
ber, and hypertension in rats subjected to maternal normal (NP) 
or low (LP) protein diet. Systolic blood pressure in 90-day-old 
(d90) and 180-day-old (d180) male and female rats with normal 
(NBW) or low (LBW) birth weights. Symbols indicate group com-
parisons, P  0.05. (Reprinted with permission from Villar-Martini 
VC, Carvalho JJ, Neves MF, et al. Hypertension and kidney altera-
tions in rat offspring from low protein pregnancies. J Hypertens 
Suppl. 2009;27:S47–51.)

of lower birth weight, therefore this programming effect is 
evident early and tracks through to adulthood (Fig. 2.6). 127  
Importantly, low birth weight children tend to have higher 
blood pressures, although not in the hypertensive range, 
compared to normal birth weight children. With increas-
ing age, however, blood pressure differences between low 
birth weight and normal birth weight subjects become am-
pli  ed and do reach hypertensive levels with time. 128,129  
Prematurity and gestational age have also been associated 
with higher blood pressures in young adults; however, low 
birth weight for gestational age was a more signi  cant pre-
dictor of blood pressure at birth and 18 years of age than 
low birth weight of prematurity. 107,130–133  This observa-
tion suggests that ongoing intrauterine stress may have a 
greater impact than premature birth. Consistent with this 
possibility, abnormal placental morphology, a marker of 
adverse intrauterine conditions, has been associated with 
higher blood pressures in children at 7 years of age. 134  The 
importance of the intrauterine environment has also been 
highlighted in both monozygotic and dizygotic twin stud-
ies, where the lower birth weight twin has been found to 
have a greater increase in blood pressure in infancy and 
higher blood pressure in adulthood. 135,136  These data have 
been interpreted to suggest that genetic factors play a 
smaller role than fetal growth in developmental program-
ming.  Although this may be the case, a signi  cant modula-
tion of the relationship between birth weight and blood 
pressure has been found by genotype of beta adrenergic 
 receptors, suggesting possible developmental interaction 
with gene expression as well. 137  The relationship between 
birth weight and blood pressure has not been universally 
found, however, and in particular appears to be weaker, but 
not always absent, in African American children. 128,138–142  
However, interestingly, the association between low birth 
weight and higher blood pressures does appear preserved 
in African and Caribbean black children, suggesting that 
early childhood growth rates, genetic, and/or other envi-
ronmental factors are also important. 143–145  Current body 
mass index (BMI) is a frequent confounder in these stud-
ies, and may play a greater role among black compared to 
white  subjects. 137  
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FIGURE 2.6 Studies reporting multiple 
regression analyses in children, adoles-
cents, and adults. Higher blood pressures 
are generally associated with lower birth 
weights across all ages and in both genders. 
CI, con  dence interval. See original source 
for detailed references. (Reprinted with 
permission from Huxley RR, Shiell AW, Law 
CM. The role of size at birth and postnatal 
catch-up growth in determining systolic 
blood  pressure: a systematic review of the 
literature. J Hypertens. 2000;18:815–831.)
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 Nephron Number and Blood Pressure 
The association between low birth weight and later life 
hypertension has been well documented in various animal 
models utilizing gestational interventions such as maternal 
dietary protein restriction, dexamethasone administration, or 
uterine artery ligation, as described previously. 12,28,37,146–150

The link between low birth weight and subsequent sponta-
neous hypertension in these models appears to be, at least in 
part, attributable to an inborn nephron de  cit. 12,37,148 Most 
interventions result in a 20% to 30% reduction in glomeru-
lar number in offspring, and hypertension emerges by early 
adulthood.12,151 Conversely, optimization of postnatal nutri-
tion after growth restriction has been found to normalize 
nephron number and abrogate the development of hyper-
tension in rats, suggesting that nephron number per se is 
an important contributor to the pathogenesis of hyperten-
sion.24,81,152 In contrast, however, augmentation of nephron 
number does not always protect against high blood pres-
sure. Restoration of nephron number by supplementation 
of maternal low protein diet with glycine, urea, or alanine 
only normalized blood pressure in the offspring supple-
mented with glycine. 24 Similarly, a 20% increase in nephron 
number, induced by postnatal overfeeding in normal birth 
weight rats, did not prevent hypertension and glomerulo-
sclerosis with age, although concomitant obesity may have 
been a confounder in this study. 152 Based on these studies, 
therefore, developmental programming of hypertension is 
dependent on more than a reduction in nephron number, 
although under certain circumstances nephron number does 
appear to be the predominant predisposing factor. 

Evidence in humans suggests a similar association 
between nephron number and risk of hypertension. In a 
cohort 35- to 59-year-old European Caucasians who died 
in accidents, mean nephron number was signi  cantly lower, 
and glomerular volume signi  cantly higher in the 10 sub-
jects with a history of essential hypertension, compared to 
10 normotensive matched controls. 10 There was no evi-
dence of disproportionate glomerulosclerosis or renal injury, 
leading the authors to suggest that an intrinsic de  cit in 
nephron number was the most likely factor associated with 
development of essential hypertension. Birth weights were 
not available in this study, therefore potential associations 
with nephron number could not be speculated. A possible 
limitation of this study is the high mean glomerular num-
ber in the nonhypertensive group compared to that reported 
in other Caucasian populations; however, mean nephron 
number in the hypertensive group was similar to that in a 
hypertensive U.S. Caucasian cohort. Similarly, lower neph-
ron numbers have been associated with higher blood pres-
sures among Caucasians and Australian Aboriginal subjects, 
although the relationship is not as consistent among subjects 
of African origin (Fig. 2.7). 10,70,98 Conversely, the prevalence 
of hypertension was found to be lower among Caucasians 
and Australian Aboriginals with higher nephron numbers, 
suggesting a protective effect of higher nephron numbers in 

these populations. 70,113 An important caveat is that these 
studies are all performed on postmortem kidney samples 
mostly from adults of varying ages, and therefore may not 
re  ect nephron endowment at birth. Much larger sample 
sizes would be required to control for all possible confound-
ing variables between subjects, which are not easily feasible. 
In addition, associations have been well described between 
birth weight and nephron number, nephron number and hy-
pertension, and birth weight and hypertension but, to date, 
to our knowledge, no study has analyzed nephron number, 
birth weight, and hypertension in individual subjects. 

Timing of nephron loss appears to impact subsequent 
risk of hypertension and renal disease. In humans, congenital 
conditions associated with signi  cant reductions in nephron 
mass (e.g. unilateral renal agenesis or bilateral renal hypopla-
sia) result in worsening proteinuria, hypertension, and renal 
dysfunction with time. 11 In contrast, nephrectomy later in life, 
resulting in a comparable loss of nephron mass, does not nec-
essarily result in progressive renal functional decline. 153 Simi-
larly, nephrectomy in adult animals in  varying experimental 
settings does not invariably lead to hypertension and renal 
dysfunction.154 Removal of a kidney on postnatal day 1 in 
rats, or fetal uninephrectomy in sheep (i.e., loss of nephrons 
during active nephrogenesis), however, does lead to adult hy-
pertension in the absence of evidence of renal  injury. 155–157

Taken together these animal and human observations suggest 
that loss of nephrons during renal development, as opposed 
to after nephrogenesis is completed, may have a more critical 
impact on the long-term risk of hypertension. 

In support of this hypothesis, glomerular numbers in 
adult rats were similar after uninephrectomy at day 3 or 
day 120 of age; however, a greater proportion of immature 
glomeruli were present in kidneys of rats having undergone 
removal of the contralateral kidney at day 3. 158 In addition, 
mean glomerular volume compared to controls was 59% 
higher in rats undergoing neonatal nephrectomy compared 
with 20% higher in rats nephrectomized as adults, suggest-
ing more vigorous compensatory hypertrophy and hyper-
function in response to neonatal nephrectomy, which may 
become maladaptive over the long term. Developmentally 
acquired low nephron mass may, therefore, be considered 
along the broader continuum of renal hypoplasia and associ-
ated with long-term consequences. 13

 Glomerular Volume and Blood Pressure 
Glomerular volume varies inversely with nephron number 
and, in U.S. White, Black, and Australian Aboriginal subjects, 
is associated with increased risk for high blood pressure 
(Fig. 2.8). 70 In addition, among the U.S. Black and Australian 
Aboriginal populations, large glomeruli on renal biopsy are as-
sociated with poorer renal outcomes in native and transplanted 
kidneys.98,115,159,160 Among Black subjects, glomerular size ap-
pears to be an independent predictor of higher blood pressure, 
whereas in White and Australian  Aboriginal subjects, the rela-
tionship appears also dependent on low nephron number. 113
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FIGURE 2.7 Probability of hypertension by glomerular number (Nglom) and ethnicity. Probability of hypertension in (A) U.S. white 
adults, by Nglom (light bars), P   .097; adjusted for sex, P   .042. By Nglom per m2 body surface area (BAS), Nglom per m2 (dark bars), 
P   .0012; adjusted for sex, P   .0006. B: African American adults, by Nglom, P   .625; adjusted for sex, P   .71. By  Nglom per m2, 
P   .246; adjusted for sex, P   .245. C: Australian Aboriginal adults, by Nglom, P   .167; adjusted for sex, P   .173. By Nglom per m2, 
P   .167; adjusted for sex, P   .109. *Among subjects with Nglom in this category none had hypertension. CI,  con  dence interval. (Re-
printed with permission from Hoy WE, Bertram JF, Denton RD, et al. Nephron number, glomerular volume, renal disease and hyperten-
sion. Curr Opin Nephrol Hypertens. 2008;17:258–265.)

FIGURE 2.8 Probability of hypertension by glomerular volume 
(Vglom) in U.S. white and African  American adults. Increasing 
probability of hypertension with increasing (Vglom) in U.S. white 
(light bars) and African American (dark bars) subjects aged 
18 years or older (n   252). (Reprinted with permission from 
 Puelles VG, Hoy WE, Hughson MD, et al. Glomerular number and 
size variability and risk for kidney disease. Curr Opin Nephrol 
 Hypertens. 2011;20:7–15.)

 The observation that in some animal models normaliza-
tion of nephron number did not prevent development of sub-
sequent hypertension, argues against nephron number be-
ing the sole programmed link between early developmental 
stress and higher blood pressures. 161,162  Given that the   ltra-
tion surface area in kidneys with low nephron numbers has 
not been found to be signi  cantly lower than in kidneys with 
a higher number of nephrons, and may even be increased in 
subjects with hypertension (Table 2.4), other nonglomerular 
contributors to sodium avidity in low birth weight kidneys 
have been investigated. 8,10,70  Blood pressure is dependent on 
renal, neuroendocrine, and vascular factors, all of which may 
be subject to simultaneous developmental programming. 8  
Programmable vascular factors which have been studied in-
clude altered structure and function of large vessels, impaired 
vascular reactivity, and endothelial dysfunction, which are 
reviewed in detail elsewhere. 163–165  Neuroendocrine factors 
include altered stress responsiveness, cortisol levels, insulin 
resistance, and sympathetic nervous system activity. 71,166,167  
Within the kidney, in addition to programming of nephron 
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malnutrition in utero, therefore a low sodium diet during 
gestation, which also may have modulated their renal so-
dium handling. Interestingly, manipulation of sodium intake 
postnatally was found to impact long-term blood pressure in 
young low birth weight rats. 174  Low birth weight rats were 
placed on either low, normal, or high salt diets from weaning 
to 6 weeks of age, followed by normal diets thereafter. Later 
life hypertension was abrogated by early low salt diet and 
worsened by early high salt diet. In addition, salt sensitivity 
after 40 weeks was lost in the rats subjected to early low salt 
diets. 174  Early low salt diet therefore appears to be able to 
“re-program” the kidney and prevent hypertension in low 
birth weight rats. 

 Filtration surface area, blood pressure, and response to 
sodium loading was assessed in  GNDF  heterozygous mice in 
which nephron numbers are reduced, and 20% of animals 
have unilateral renal agenesis. 175  Total nephron number was 
reduced by 25% in mice with two kidneys (HET2K) and 
65% in mice with single kidneys (HET1K) compared to the 
wild type. The degree of glomerular hypertrophy was simi-
lar in HET1K and HET2K, resulting in normalization of glo-
merular surface area in HET2K but a persistent reduction in 
the HET1K. In this model, reduced nephron number alone 
was not associated with increased blood pressures, but both 
groups of HET mice became signi  cantly hypertensive on a 
high sodium diet, with blood pressures being highest in the 
HET1K mice. 175  Interestingly, at baseline urine sodium excre-
tion was progressively higher in HET2K and HET1K mice, 
suggesting augmented natriuresis that maintained normal 
blood pressures. In the same model, tubule sodium trans-
porters were not found to be increased, in contrast to other 
programming models. This suggested a different adaptation 
in baseline sodium handling in this genetic model, which 
may be overwhelmed in the face of a high sodium diet. 119,175  

 In healthy human adults, salt sensitivity was found to 
correlate inversely with birth weight, independent of GFR 
(Fig. 2.9). 176  Similarly, in low birth weight children, the prev-
alence of salt sensitivity was found to be high and to  correlate 

number, alterations in sodium transport and modulation of 
the renin-angiotensin system have also been well described. 

 Renal Programming of Blood Pressure 
 Salt Sensitivity and Birth Weight 
 The original programming hypothesis postulated a reduc-
tion in   ltration surface area and limitation in sodium excre-
tory capacity in a kidney with fewer nephrons. 2  Consistent 
with this, prenatal dexamethasone administration in rats was 
associated with lower GFR, higher urine albumin excretion, 
reduced urinary sodium excretion, and higher tissue sodium 
content compared to controls. 37  Interestingly, in a study of 
Caucasian men aged 20 years, those who had been of low 
birth weight had an increase in systolic blood pressure and 
no change in GFR, but an increase in fractional excretion of 
sodium compared to normal birth weight controls. 85  

 Salt-sensitive hypertension has subsequently been 
shown in low birth weight rats (induced by uterine artery 
ligation), and in adult rats that had been exposed to ma-
ternal gestational diabetes. 52,168,169  In contrast, however, 
blood pressures did not increase more in low birth weight 
rats ( induced by maternal protein restriction) compared to 
normal birth weight rats on a high salt diet. 170  Timing of the 
dietary sodium challenge may have an impact, however. 171  
Blood pressure rises more consistently in response to a high 
salt diet in older rats, suggesting loss of potential adaptive 
mechanism with age, or greater susceptibility to salt sensi-
tivity as nephron numbers decline with age. 172  Plasma vol-
ume and blood pressures were found to be higher in low 
birth weight compared to normal birth weight juvenile rats 
on normal diets, however, suggesting positive sodium bal-
ance at baseline. 173  Interestingly, although a  further increase 
in sodium intake did not increase blood pressures or plasma 
volume expansion more than in normal birth weight rats, 
GFR was signi  cantly increased in the low birth weight 
rats on a high sodium diet, suggesting a shift in the pres-
sure natriuresis curve. 173  These rats were subjected to global 
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FIGURE 2.9 Salt-sensitivity in humans relative to birth weight and kidney length. A: Correlation between birth weight and salt sensi-
tivity in 27 normotensive subjects aged 37.2   14.5 years. B: Correlation between salt sensitivity and percent expected kidney length 
in children aged 11.3   2.1 years. Kidney lengths were smaller in children who had been small weight for gestational age (SGA) com-
pared to appropriate weight for gestational age (AGA) children at birth, suggesting a correlation of salt sensitivity with birth weight. 
(A, reprinted with permission from de Boer MP, Ijzerman RG, de Jongh RT, et al. Birth weight relates to salt sensitivity of blood pressure 
in healthy adults. Hypertension 2008;51:928–932. B, reprinted with permission from Simonetti GD, Raio L, Surbek D, et al. Salt sensitiv-
ity of children with low birth weight. Hypertension. 2008;52:625–630.)
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inversely with kidney size, again independent of GFR, sug-
gesting that renal function itself was not a confounder 
(Fig. 2.9). 105 Developmental programming of blood pressure 
in most animal models and humans does, therefore, appear 
to be associated with altered sodium handling by the kidney. 

 Renal Sodium Transport 
The expression of renal sodium transporters has been in-
vestigated in several animal models of developmental pro-
gramming as a contributor to salt sensitivity. In offspring of 
mothers fed a low protein diet or given dexamethasone dur-
ing gestation, chloride transport in the thick ascending limb 
(mTAL) and the lumen positive transepithelial potential dif-
ference were signi  cantly higher compared to control rats, 
demonstrating increased bumetanide sensitive Na  -K -2 Cl  
(NKCC2) transporter activity in the mTAL. 177 Rats were al-
ready hypertensive at the time of study and, consistent with 
these   ndings, administration of furosemide reduced blood 
pressure in the prenatal low protein diet group compared to 
controls, demonstrating that the increased NKCC2 activity 
was contributing to the higher blood pressure. 177 Interesting-
ly, in this study, at 6 weeks of age, expression of the NKCC2 
was increased in the medulla of the low protein diet group 
but not the prenatal dexamethasone group, despite changes 
in sodium chloride transport being evident in both. 177 Simi-
larly, NKCC2 and thiazide sensitive Na  -Cl  cotransporter 
(NCC) protein levels were signi  cantly elevated in low birth 
weight, induced by maternal low protein diet, rat kidneys at 
4 weeks of age—that is, before the manifestation of hyperten-
sion. This occurred even though expression of the proximal 
tubule sodium hydrogen exchanger (NHE3) and the epithe-
lial sodium channel (ENaC) expression were not changed. 178

In another study, prenatal dexamethasone was associ-
ated with increased NKCC2 protein expression at 8 weeks, 
along with NCC and NHE3, but not ENaC, and their expres-
sion was reduced by renal denervation, suggesting modula-
tion of sodium transporter expression by the renal nerves. 179

Other investigators found mRNA expression of the glucocor-
ticoid receptor, and the glucocorticoid responsive   1- and 
 1-subunits of Na  /K -ATPase to be increased in offspring 
of rats fed low protein diets during gestation. 180 Similarly, 
in animals subjected to maternal diabetes, renal Na  /K -
ATPase expression was increased, as well as the    and   
subunits of ENaC. 168 When these animals were subjected to 
a high salt diet, expression of NHE3 and NCC increased, 
but expression of NKCC2 decreased. 168 In yet another mod-
el of low nephron endowment, there was no difference in 
NCC or ENaC expression by immunohistochemistry in kid-
neys of Gdnf heterozygous compared to wild type mice. 119

Various programming models of low nephron number and 
hypertension, therefore, are  associated with some disparities 
in renal sodium transporter expression, but in general it ap-
pears sodium transporters are upregulated and likely contrib-
ute to increased blood pressures. Whether the  alteration in 
sodium transport is a direct result of reduced nephron num-
bers, single nephron hyper  ltration and  glomerulotubular

balance, or is an independent simultaneously programmed 
change in the renal tubules is not yet clear. 

The intrarenal renin-angiotensin system is important 
for nephrogenesis as well as blood pressure regulation. 8,72

Administration of inhibitors of the renin-angiotensin system 
during renal development results in abnormal kidneys and 
reduced nephron numbers. 8 Maternal low protein diet, pre-
natal dexamethasone, and uterine artery ligation all induce 
intrauterine growth restriction and have been associated with 
altered expression of components of the  renin-angiotensin 
system.8,181–185 The observed alterations in renal renin, 
angiotensinogen, angiotensin converting enzyme activity, 
angiotensin II, and angiotensin receptor subtype 1 and 2 
levels all appear to be modulated at different times of devel-
opment with some changes being present at birth and others 
manifesting in later life, as reviewed elsewhere. 8 In addition, 
some of the observed variation likely results from differences 
in timing and nature of the programming insult. The obser-
vation that programmed hypertension could be modulated 
by postnatal administration of inhibitors of the renin-angio-
tensin system supports a role for this system in generation 
of increased blood pressures, potentially involving altered 
sodium transport, reduced nitric oxide activity, and reactive 
oxygen species generation. 183,185 Furthermore, evidence of 
lack of suppression of this system in the setting of increased 
renal sodium transport and plasma volume expansion also 
suggests dysregulation by prenatal programming. 8 To our 
knowledge, levels of renin-angiotensin system activity have 
not been investigated in low birth weight humans. 

 Catch-up Growth and Blood Pressure 
Developmental programming does not only encompass 
the intrauterine period but, as discussed previously, early 
postnatal events may also be critical in renal development. 
Similarly, early childhood growth, especially after intrauter-
ine growth restriction, is emerging as a signi  cant risk factor 
for subsequent hypertension and cardiovascular disease. 186

In low birth weight male rats with reduced nephron 
numbers, induced by maternal gestational protein restriction, 
postnatal overfeeding resulted in accelerated development of 
hypertension and a signi  cant reduction in GFR in adult-
hood.187 The rapid postnatal weight gain in the low birth 
weight overfed rats therefore exacerbated the programmed 
risk of hypertension, acting as a “second hit” superimposed on 
the low nephron number. Interestingly, appetite, obesity, and 
energy expenditure are also developmentally programmed, 
compounding the risk of cardiovascular disease in growth 
restricted individuals. 188 In a cohort of adolescents, rapid 
weight gain in the   rst 2 weeks of life was associated with 
reduced   ow-mediated dilation of the brachial artery mea-
sured at ages 13 to 16, underscoring the long-term impact 
of early nutrition on vascular function. 189 Similarly, weight 
gain within the   rst 5 months of life was associated with in-
creased systolic and diastolic blood pressures at 25 years of 
age, although only systolic blood pressure was inversely as-
sociated with birth weight. 190 The  combination of low birth 
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with age, suggesting ongoing tissue stress and accelerated 
senescence precipitated by catch-up growth. Increased 
senescence in the low birth weight kidneys may result from 
ongoing hyper  ltration injury in kidneys with fewer neph-
rons, exacerbated by a rapid increase in body size. Interest-
ingly in humans, leukocyte telomere length was not different 
between small for gestational age and appropriate for gesta-
tional age newborns, but by 5 years low birth weight children 
had signi  cantly shorter telomeres than normal birth weight 
children, consistent with accelerated senescence.197,198 How-
ever, growth trajectories of these children were not reported.
Markers of endoplasmic reticulum and mitochondrial stress 
were increased in low birth weight rat kidneys after rapid 
catch-up growth, which points to increased reactive species 
generation as a possible mediator of increased senescence. 193

Consistent with these animal   ndings, in humans there is 
evidence of increased oxidative stress in children born small 
for gestational age compared to controls, which was relative-
ly higher in those who experienced catch-up growth. 199,200

The link between nephron mass, catch-up growth, prema-
ture senescence, and the development of hypertension and 
renal disease in humans after developmental programming 
has not been studied. 

 Renal Function and Nephron Mass 
 Glomerular Filtration Rate 
A reduction in nephron number, and therefore   ltration 
surface area, in the absence of compensatory hyper  ltra-
tion, would be expected to be associated with a reduced 
whole kidney GFR. Consistent with this possibility, amikacin 
clearance, as a surrogate for GFR, was lower in premature 
or growth restricted neonates on day 1 of life (i.e., before 

weight followed by accelerated childhood growth has also 
been consistently found to be associated with higher blood 
pressures in childhood and adulthood (Table 2.5). 191,192

Several potential mechanisms have been investigated to 
explain this ampli  cation of cardiovascular risk by rapid 
weight gain after growth restriction. In obese sheep that 
had been exposed to maternal nutrient restriction during 
gestation, adipose tissue showed an increase in number 
of necrotic cells, increased secretion of pro-in  ammatory 
factors, and increased evidence of endoplasmic reticulum 
stress compared to obese controls. 188 In addition, the nu-
trient restricted obese sheep exhibited abnormal myocardial 
structure and function. 188 One possible connection between 
growth restriction and accelerated catch-up growth is the 
development of premature senescence. 193 Chronic diseases 
such a hypertension, chronic kidney disease, and cardio-
vascular disease have all been associated with increased 
expression of senescence markers. In animal models, low 
birth weight followed by accelerated postnatal growth was 
associated with more rapid telomere shortening and acceler-
ated senescence in kidneys and aortas, as well as premature 
death.194–196 These markers were not correlated directly with 
blood pressures and nephron numbers in the same animals. 
However, investigators utilized a standard programming 
model of maternal dietary protein restriction, therefore low 
birth weight animals were expected to have low nephron 
numbers and high blood pressures. 

In another study, there was no difference in expression 
of the senescence marker p16 between low birth weight and 
normal birth weight rats, suggesting that senescence is not 
likely a contributor to the reduced nephron numbers. 193 p16 
was signi  cantly increased by weaning in kidneys and hearts 
of low birth weight rats, and continued to rise progressively 

TA B L E

Difference in Systolic Blood Pressure (mm Hg) at 22 Years per SDs Increase in Birth Weight, 
Infant Weight Gain (First Year), and Early Childhood Weight Gain (1–5 Years)a

 Regression Coef  cient (95% CI)

Weight Growth Variable Without Adjustment for Adult BMI With Adjustment for Adult BMI

Birth weight  1.3 ( 2.3 to  0.3)  1.2 ( 2.2 to  0.3)

Conditional infant weight gain 0.5 ( 0.6 to 1.5)  0.1 ( 1.2 to 0.9)

Conditional early childhood 1.6 (0.6 to 2.7) 0.6 ( 0.5 to 1.7)
weight gain

Adult BMIb . . . 2.6 (1.5 to 3.7)

aWith and without adjustment for adult body mass index.
bGeometric SDs.
CI, con  dence interval; BMI, body mass index; SDs, standard deviations.
Reprinted with permission from Law CM, Shiell AW, Newsome CA, et al. Fetal, infant, and childhood growth and adult blood pressure: a longitudinal 
study from birth to 22 years of age. Circulation. 2002;105:1088–1092.

2.5
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maternal diabetes during gestation) compared to those with 
diabetic fathers. Subjects were matched for age, gender, BMI, 
and birth weight. The offspring of diabetic mothers had a 
signi  cantly reduced renal reserve capacity, suggesting a re-
nal programming effect due to maternal diabetes. 53 Evalua-
tion of renal functional reserve may therefore be a sensitive 
method to detect subtle changes in renal function due to 
a reduced nephron number that may not be evident with 
baseline GFR measurements. 

Proteinuria is a marker of glomerular hyper  ltration and 
renal injury and, as such, has been investigated in several low 
birth weight populations. Among children aged 8 to 11 years 
of age, low birth weight was associated with signi  cantly 
higher blood pressures and 24-hour urine albumin excre-
tion compared to normal birth weight controls. 209 Multiple
other studies have also shown a largely consistent relation-
ship between low birth weight and proteinuria,  although in 
some studies albuminuria was associated with thinness at 
birth, an indicator of intrauterine stress, rather than birth 
weight.94,131,207,210,211 Among Australian Aborigines, albu-
minuria was strongly associated with low birth weight and 
the relationship was ampli  ed with increasing age. 212 Macro-
albuminuria in this cohort was also associated with a high 
risk of renal failure and death. 213 In a Finnish population 
with type 1 diabetes, however, after a mean  duration of dia-
betes of 19 years, no association was found between pro-
teinuria and birth weight strati  ed as low,   10th percentile; 
high,  90th percentile; and intermediate, between 10th and 
90th percentiles. 214

In a similar study, among Danish women with type 1 
diabetes, with a median duration of 27 years, 75% of those 
with birth weight under the 10th percentile had nephropa-
thy, de  ned as persistent urine albumin excretion   300 g 
per day, compared with 35% of those with birth weights 
above the 90th percentile. 215 The effect was not present in 
men, although in another study, short stature in men was 
associated with a higher risk of macroalbuminuria. 216 A U- 
shaped association between birth weight and proteinuria 
was found among Pima Indians with type 2 diabetes in the 
United States, suggesting that high birth weight and low 
birth weight are both risk factors for renal disease in this 
population.94 Interestingly 64% of subjects with high birth 
weight were offspring of  diabetic mothers versus none of 
those with low birth weight. The association of high birth 
weight with proteinuria was lost  after adjustment for mater-
nal diabetes, suggesting potentially different programming 
mechanisms in low birth weight and high birth weight with 
respect to proteinuria. 94

Differences between these studies in diabetic subjects 
may re  ect altered genetic susceptibility to renal disease in 
the Pima population, differences between type 1 and type 2 
diabetes, as well as different durations of diabetes. As men-
tioned previously, podocyte abnormalities are present in 
kidneys with developmentally programmed low nephron 
numbers, which may contribute to the development of pro-
teinuria in low birth weight subjects. 118

any adaptation would have occurred). 201 Similarly, nephron 
number and GFR were measured in newborn growth restrict-
ed piglets. 202 GFR was reduced in proportion with nephron 
number, suggesting a lack of glomerular adaptation early af-
ter birth. With increasing age, however, as the single nephron 
GFR increased with hyper  ltration, differences in total GFR 
have not been consistently seen between normal and low 
birth weight subjects. Among 6- to 12-year-olds, estimated 
creatinine clearance was lower and serum creatinine higher 
in very low birth weight compared to age-matched normal 
birth weight subjects. 203 In contrast, estimated GFRs were 
not different between three groups of 9- to 12-year-olds born 
with low gestational age or either small for gestational age or 
appropriate for gestational age at term. 106 Interestingly, esti-
mated GFR calculated using cystatin C showed a signi  cant 
linear trend with birth weight compared to creatinine-based 
GFR in a cohort of children divided into quartiles by birth 
weight. This suggested the potential pitfalls with creatinine 
measurements and/or the need to adapt GFR calculation for-
mulae in young low birth weight subjects. 204

Utilizing iothalamate clearance, GFR was measured in a 
cohort of children at a mean age of 7.6 years who were born 
with a birth weight under 1,000 g or before 30 weeks of 
gestation, and strati  ed according to whether they had expe-
rienced either intrauterine or extrauterine growth restriction 
or normal perinatal nutrition. 55 GFRs were signi  cantly low-
er in both pre- and postnatally growth restricted children, 
although still within the normal range for their age. This 
observation further highlights the potential negative impact 
of poor extrauterine nutrition on early renal development in 
premature infants. In young adults born very premature, the 
creatinine-based Cockroft-Gault GFR was found to correlate 
positively with birth weight. 131 GFRs measured by 24-hour 
urine creatinine clearance within adult twin pairs were lower 
in the lower birth weight twin, again suggesting an indepen-
dent effect of the intrauterine environment on programming 
of renal function. 205 Overall, from several studies, GFRs were 
estimated to increase by 3.8 to 7.2 mL per minute in males 
and 2.6 to 5.7 mL per minute in females per 1-kg increase 
in birth weight. 206,207

An interesting small study evaluated total GFR, effective 
renal plasma   ow, and   ltration fraction before and  after low 
dose dopamine or an oral amino acid load to test renal func-
tional reserve in 20-year-olds born (1) premature with ap-
propriate weight for gestational age, (2) premature and small 
for gestational age, or (3) term and appropriate for gestational 
age. Intriguingly, although the changes did not reach statis-
tical signi  cance, the stimulated increase in GFR was less 
in small for gestational age compared with appropriate for 
gestational age and control subjects. Effective renal plasma 
  ow was lower in both small for gestational age and appro-
priate for gestational age preterm subjects, suggesting at least 
a small decrease in renal functional reserve capacity. 208

GFR and effective renal plasma   ow were also studied 
before and after an intravenous amino acid infusion in young 
adults who had diabetic mothers (i.e., had been exposed to 
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A direct link between nephron number and renal disease 
in individual human subjects has not been made, however. 
Nephron number is unlikely to be the sole cause of renal 
dysfunction in most patients, and other susceptibilities likely 
compound the risk. A low nephron number, however, may 
lower the threshold to reach a critical loss of renal function in 
response to superimposed renal injury or stress. In support 
of this possibility, low birth weight has been associated with 
poorer renal outcomes in patients with nephrotic syndrome, 
membranous nephropathy, IgA nephropathy, minimal change 
disease, and diabetic nephropathy. 95,219–222  

 Interestingly in a model of diabetes superimposed on 
low nephron number, the increase in glomerular volume in 
response to hyperglycemia was more exaggerated and mal-
adaptive in the low compared to normal birth weight rats. 223

Similarly, mesangioproliferative glomerulonephritis was as-
sociated with signi  cantly increased glomerulosclerosis in 
low birth weight animals with reduced nephron numbers. 224

Potential molecular mechanisms whereby kidneys with few-
er nephrons adapt differently than normal kidneys include 
an imbalance between apoptosis and cell proliferation, ac-
celerated senescence, reactive oxygen species generation, 
and mitochondrial dysfunction. 162,193  

 RELEVANCE OF NEPHRON MASS IN 
TRANSPLANTATION 
 Impact of Kidney Donation 
 In experimental models of low birth weight, as described 
previously, nephron numbers are often reduced by 25% to 
30%, and animals develop spontaneous hypertension and 

 Chronic Kidney Disease 
 Although GFRs have been found to be statistically lower 
in low birth weight populations, this has not always been 
 outside of the normal range, calling into the question true 
clinical relevance. 55,131  A recent meta-analysis examined 
31 studies that reported risk of CKD—including various 
end points, including proteinuria, diabetic nephropathy, 
and reduced GFR—relative to birth weight. 207  Overall they 
found a 70% increased risk of CKD in low birth weight in-
dividuals, regardless of end point studied. 207  Again, the ef-
fect was stronger in males. Among 12,364 participants in the 
Kidney Early Evaluation Program, among men a U-shaped 
curve was found for risk of CKD, de  ned as an estimated 
GFR    60 mL per minute or albumin excretion    30 g per 
g, and birth weight, with increased risk with birth weights 
  2,500 g and    4,500 g. 73  No association was found among 
female participants, however. 

 The clinical relevance of the risk of CKD with low or 
high birth weights is borne out in studies examining risk of 
ESRD. Retrospective analysis in over 2 million Norwegians 
found the relative risk of ESRD to be 1.7 in males and females 
born below the 10th percentile in weight. 217  Interestingly, 
when looking at absolute birth weights and risk, the relative 
risk for ESRD was 2.0 with birth weights    2.5 kg, but was 
only increased in females with birth weights    4.5 kg. 217  In a 
predominantly black, southern U.S. population, a U-shaped 
curve was again described for risk of ESRD with low and high 
birth weights, this time in both men and women. 218

 Growing numbers of epidemiologic studies therefore 
support the relationship between high birth weight or low 
birth weight and risk of subsequent renal disease (Table 2.6). 

Clinical Findings Associated with Birth Weight, Nephron Number, and 
Kidney Size in Humans

Low Birth Weight/
Prematurity

Low Nephron Number  Reduced Renal Size  High Birth Weight/
Maternal Diabetes

↑  Blood pressure127

Salt sensitivity105,176

Proteinuria131,210

↓  GFR55,131,201

↓  Renal functional 
 reserve208

Accelerated progression 
of primary renal 
 disease219–222

Chronic kidney disease73,207

End-stage kidney 
 disease217,218

Death210

↑  Blood pressure70

↑  Glomerular volume13

? Predisposition to renal 
failure in neonates54

↑  Blood pressure105

Salt sensitivity105

↓  GFR105

↓  Renal allograft survival 
if small kidney into 
large recipient237

Proteinuria95

↓  Renal functional reserve53

End-stage kidney 
 disease217,218

↑ , increase; ↓ , decrease; ?, unknown.
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forward. 229 Indeed, in rat models it has been elegantly shown 
that transplanted nephron mass (i.e., kidneys with vary-
ing nephron numbers) has a signi  cant impact on allograft 
outcome, independent of immunologic barriers. 230 As neph-
ron numbers cannot be determined in vivo, various surro-
gates have been examined in humans to assess the impact 
of transplanted nephron mass, measurable to some degree 
ex vivo, relative to recipient demand, on allograft outcomes 
(Table 2.7). Such surrogates include ratios of recipient to do-
nor body surface area (BSA) or body weight, of kidney vol-
ume to recipient BSA, and of kidney weight to recipient body 
weight.231–235 As mentioned previously, kidney mass and kid-
ney volume do re  ect nephron number to some degree, but 
these data should be interpreted with caution, realizing that 
BSA is not always proportional to kidney weight, and that 
two kidneys of the same size may differ in nephron number. 

Despite these caveats and the variability of methods 
employed, the evidence shows fairly consistently that small 
kidneys, or kidneys from small donors, transplanted into larg-
er recipients, tend to have poorer outcomes. 231–235 Duration 
of follow-up, however, is also a crucial variable, as seen in the 
donor literature, where differences in hypertension and pro-
teinuria emerge only after many years. Interestingly, an early 
report in a cohort of renal allograft recipients, with a mean 
of 32 months of follow-up, failed to   nd any impact of graft 
weight on short-term graft survival. 236 With longer follow-up, 
however, in the same cohort, subjects with a low donor kidney 
weight to recipient body weight ratio (DKW/RBW) showed a 
greater adaptive early increase in GFR, which remained stable 
for 7 years, followed by a more rapid loss of GFR as com-
pared to the high DKW/RBW group, thus demonstrating the 
importance of long term follow-up. 237 These data suggest that 
smaller kidneys transplanted into larger recipients underwent 
early hyper  ltration that could not be sustained inde  nitely, 
resulting in ongoing nephron loss. Over time, the low DKW/
RBW group required more antihypertensives, had more pro-
teinuria, and on kidney biopsy showed a greater degree of 
glomerulosclerosis. Overall, the risk of transplant failure was 
55% higher in low DKW/RBW compared to the high DKW/
RBW group at 2 years. 237 The authors conclude that mismatch 
between allograft and recipient weight is an independent pre-
dictor of long-term graft survival. 

These results are consistent with another analysis, which 
was restricted to recipients of living donor kidneys who had 
not experienced any complications within the   rst year of 
transplantation. Progressively higher levels of urine protein 
excretion and lower GFRs occurred as DKW/RBW fell. 238

Similarly, a large retrospective analysis of 32,083 recipients 
of a   rst cadaveric kidney transplant, utilizing the ratio of 
donor to recipient BSA, found that large recipients of small 
kidneys had a 43% increased risk of late allograft failure 
compared to the reference group which was medium sized 
recipients receiving kidneys from medium sized donors. 234

Another study examined the outcomes of kidneys from 
donors over age 60, presumed to have fewer nephrons by 

renal dysfunction. 12,37 In humans, donation of a kidney im-
plies loss of 50% of nephron mass, and therefore may carry 
some long-term risk. However, many studies have shown 
that kidney donation is safe and former kidney donors have 
similar or even better life expectancy and lower risk for 
ESRD than the general population. 153 This paradox might be 
due to the very thorough screening of potential donors and 
the selection of only the very healthiest subjects. In  addition,
the studies on long-term outcomes have predominantly been 
done in Caucasians, are limited by signi  cant loss to follow-
up, and do not use similarly selected, healthy control groups 
for their comparative analysis. 

An early retrospective study of 52 kidney donors fol-
lowed after at least 10 years did   nd a higher risk of hy-
pertension and mild proteinuria compared to age-matched 
controls and other potential donors, although creatinine 
clearance did not deteriorate as a function of time. 225

Interestingly the risks of hypertension and proteinuria 
were greater in men. In contrast, subsequent studies in pre-
dominantly Caucasian donors did not   nd a signi  cantly 
increased risk of hypertension and proteinuria, suggesting 
that uninephrectomy is safe. 153 Concerns have been raised, 
however, about possible harm of living kidney donation in 
other ethnic groups. After a median of 16 years postdona-
tion, the incidence of new onset hypertension, CKD, and 
ESRD was signi  cantly higher among Australian Aboriginal 
kidney donors compared to Caucasians. 226 Similarly, among 
Canadian donors, hypertension was present in 42% of Ab-
originals compared with 19% of Caucasians by a mean of 14 
years of follow-up, and in 100% of Aboriginal donors by 20 
years postdonation. 227 Estimated GFR was not different be-
tween Caucasians and Aboriginals, but proteinuria was more 
common among Aboriginal donors. In U.S. cohorts, black 
kidney donors were found to have signi  cantly more hyper-
tension and CKD compared to white donors. 159,228

In all of these cohorts donors are presumed to have been 
screened and found healthy prior to donation, therefore, 
uninephrectomy in populations with high susceptibility to 
hypertension and kidney disease may carry more risk than 
has thus far been appreciated. Aboriginal Australian and U.S. 
black populations have lower birth weights than their Cau-
casian counterparts, and Canadian Aboriginals have higher 
birth weights (World Health Organization). This suggests that 
programming of nephron number may be a factor contribut-
ing to increased hypertension and renal risk postnephrectomy. 
Birth weight and early development history should therefore 
be incorporated into a potential donor’s evaluation, and con-
sideration given to measurement of renal functional reserve, 
although at present it is likely premature to suggest that deci-
sions on donor eligibility be based on this information. 

 Impact on Allograft Function 
The importance of nephron mass as a nonimmunologic de-
terminant of long-term transplant outcomes has been de-
bated since the nephron number hypothesis was   rst put 
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clinician’s decision about medication choices, peritransplant 
interventions, and ultimately potentially organ allocation. 

 THE IMPACT OF PROGRAMMING ON 
RELATED ORGAN SYSTEMS 
 The interaction of gestational diabetes exposure, birth weight, 
and proteinuria, for example, demonstrates that developmen-
tal programming may impact multiple organ systems simul-
taneously. 53,95,215  In a Swedish cohort of 18,230 twins, low 
birth weight was found to increase the risk of adult type 2 dia-
betes with an adjusted odds ratio of 1.44 per 500 g decrease 
in birth weight. 242  Similarly, in a Chinese cohort, low birth 
weight was found to be inversely associated with risk of type 
2 diabetes, and both high and low birth weights were associ-
ated with increased risk of hypertension and abdominal obe-
sity. 243  Low birth weight combined with abdominal obesity 
was the strongest predictor of diabetes. Obesity and diabetes 
are both risk factors for CKD and, therefore, their interaction 
with low birth weight likely augments this risk. Interestingly, 
low birth weight rats, induced by maternal low protein diet, 
suffered more severe cardiac dysfunction after myocardial 
ischemia and reperfusion compared to normal birth weight 
rats. 244  In another study, graded surgical reduction in neph-
ron number in normal rats was associated with progressively 

 virtue of increased age, relative to recipient BMI, and found 
that 5-year allograft survival was signi  cantly lower in 
 recipients with higher BMI or BSA, again suggesting an impact 
for mismatch between fewer transplanted functioning neph-
rons and higher donor demand on long-term outcomes. 239

Not all studies have found consistent results, however, with 
some failing to   nd an impact of differing donor to recipi-
ent BSA ratios on outcomes of paired cadaver kidneys. 233  The 
high and low ratios did overlap in this study, however. 

 A more recent study of paired kidneys did   nd a  donor–
recipient size mismatch to be a risk factor for delayed graft 
function. 240  Other investigators have examined the ratio of 
transplanted kidney cross-sectional area, as measured by 
 ultrasound, relative to recipient weight as a predictor of out-
comes. They found lower serum creatinines and a trend to-
ward improved graft survival at 5 years in those with higher 
ratios. 241  Overall, therefore, transplanted nephron mass does 
appear to have a long-term impact on allograft function. 
Clinically, however, nephron mass at transplantation is likely 
impacted by many other factors in addition to nephron en-
dowment (e.g., loss through peritransplant injury, immune-
mediated injury, donor age, and other donor factors). Kid-
neys transplanted with fewer nephrons are likely to have less 
functional reserve and therefore are at risk of declining func-
tion over time. Awareness of this association may impact a 

TA B L E

Impact of Donor and Recipient Mismatch on Renal Allograft Outcomes

Measurement  Allograft Outcome  Donor  Reference

Donor kidney weight : 
recipient body weight

↑  Risk of late allograft loss, proteinuria, 
 hypertension, and glomerulosclerosis at 
6.2 years with lower ratios

Cadaveric  237

Donor kidney weight : 
recipient body weight 

↓  Creatinine clearance and ↑  proteinuria at 
3 years with lower ratios

Living  238

Donor–recipient body 
weight ratio

↓  Graft survival at 5 years in low ratio group Living 232

Donor : recipient BSA ↑  Late allograft loss in large recipients who 
received kidneys from small donors

Cadaveric  234a

Transplant cross-sectional area 
(ultrasound): recipient 
body weight (Tx/W)

↓  Creatinine, trend toward improved 
outcome with larger ratios at 12 months

Cadaveric  241

Kidney weight (g) ↑  Creatinine clearance with higher kidney 
weight at 12 months

Living  231

aMore studies reviewed in this reference.
↑ , increase; ↓ , decrease; BSA, body surface area.
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does  appear to be a strong modi  er of risk in various ethnic 
groups, as well as under certain clinical conditions (e.g., dia-
betes mellitus). As such, surrogate markers for low nephron 
number and adverse perinatal conditions should be screened 
for in the clinical setting and appreciated as risk factors that 
may not be modi  able in the adult. However, they may high-
light the need to minimize further insults and optimize other 
risk factors for hypertension and renal disease. Low birth 
weight is currently the most useful clinical surrogate for low 
nephron mass and the developmentally determined risk of 
hypertension and renal disease. 

 Much more work is needed to determine the impact of 
high birth weight. The exciting experimental   ndings that 
low nephron numbers can be rescued under some circum-
stances points to the importance of improving maternal 
health before and during gestation, optimizing of neonatal 
nutrition, and avoiding nephrotoxins in the early perinatal 
period, as well as raising hope for potential translation of 
therapeutic interventions to the human in the future. From 
a public health point of view, close attention should be paid 
to improving perinatal care and early childhood nutrition as 
potential tools to stem the growing tides of renal and cardio-
vascular disease in future generations. 

higher systolic blood pressures, left ventricular hypertrophy, 
and left ventricular systolic and diastolic dysfunction com-
pared to sham operated controls. 245  In sheep, fetal unine-
phrectomy resulted in hypertension and more severe renal 
dysfunction and albuminuria with age. 156  In addition, cardiac 
functional reserve, measured in response to dobutamine in-
fusion, was signi  cantly reduced by 6 months of age in the 
neonatally nephrectomized sheep and left ventricular mass 
was signi  cantly increased. In the clinical arena, patients with 
CKD often have coexisting diabetes and/or cardiac dysfunc-
tion, and CKD itself is a known cardiac risk factor. Whether 
some of this association is related to the consequences of renal 
dysfunction per se—that is, hypertension, volume expansion, 
proteinuria—or may re  ect parallel programming of multiple 
organ systems in the same individual has yet to be elucidated. 

 CONCLUSION 
 The concept that nephron mass, at least in part, is deter-
mined during the perinatal period and has a long-term im-
pact on an individual’s subsequent risk of hypertension and 
renal disease is now accepted (Fig. 2.10). Nephron  number 
alone is not often enough to result in overt disease, but 
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FIGURE 2.10 Diagram of proposed mechanisms impacting developmental programming of renal disease and hypertension. 
(Adapted from Schreuder M, Delemarre-van de Waal H, van Wijk A. Consequences of intrauterine growth restriction for the kidney. 
Kidney Blood Press Res. 2006;29:108–125.)
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