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Abstract

Background: Congenitally low nephron number, often associated 
with low birth weight, has been shown to be a risk factor for hy-
pertension and cardiovascular disease in humans. Epidemiological 
studies have also linked it to development of chronic kidney disease 
(CKD) but this has been difficult to verify experimentally. Previ-
ously, we showed that rats with congenitally low nephron number 
did not develop CKD by 11 months of follow-up. In this study, we 
tested the hypothesis that animals with congenital nephron deficit 
have a higher risk for development of kidney disease when exposed 
to postnatal insults.

Methods: Pregnant Sprague-Dawley rats were exposed to low pro-
tein (LP) versus control diet to induce decreased nephron numbers. 
Offspring from each group were either stressed by unilateral ne-
phrectomy (UN) and high salt diet (HS), or exposed to standard salt 
diet and sham surgery.

Results: Forty-two percent of stressed animals in both C and 
LP groups died of renal failure compared to no mortality in non-
stressed animals (P = 0.0001). By 6 months of age, non-stressed 
LP animals did not develop significant renal disease. However, 
stressed LP animals had significant decrease in kidney function (P 
= 0.033), high albumin excretion (P = 0.012), and extensive renal 
histologic damage. The changes tended to be more severe in males.

Conclusions: Congenital low nephron number in our model does 
not result in CKD by 6 months of life. However, they have in-
creased risk for development of CKD when exposed to postnatal 
insults, and the risk depends on the severity of deficit.

Keywords: Congenital nephron deficit; High salt diet; Kidney dis-
ease; Low birth weight

Introduction

Numerous epidemiological studies have shown that adverse 
prenatal environment and low birth weight are associated 
with increased risk of hypertension and cardiovascular dis-
ease during adulthood [1-3]. This “fetal programming” of 
adult blood pressure profile has been confirmed by multiple 
experimental studies in animal models [4-6]. Although sev-
eral mechanisms have been postulated to be responsible, 
most studies have focused on the role of total number of 
nephrons. Even in healthy human populations, there is a 
wide range in nephron numbers, and the total number has 
been reported to be low in patients with essential hyperten-
sion [7]. In support of a causal role of nephron deficit in the 
development of hypertension, most experimental models of 
prenatally programmed hypertension exhibit congenitally 
low nephron numbers [6, 8, 9].

There is strong epidemiologic evidence that low birth 
weight, a surrogate for low nephron count, is also a risk fac-
tor for development of chronic kidney disease (CKD) in later 
life, but this has been difficult to demonstrate experimen-
tally. The prevailing hypothesis is that decreased nephron 
number results in hyperfiltration of the remaining nephrons, 
causing glomerular sclerosis and systemic hypertension, 
leading to vicious cycle with further nephron drop-out [10, 
11]. It seems logical that if the number of nephrons is low at 
birth, normal age-related nephron drop-out would increase 
the risk of later CKD. However, this has not been easy to 
demonstrate in experimental models, perhaps because there 
is a large “reserve” pool of nephrons and reaching a critically 
low number would take an inordinately long observation pe-
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riod. Thus, exposing animals to a postnatal “secondary hit” 
may accelerate nephron drop-out and unmask the increased 
risk of CKD.

One might expect the hypertension that develops in sev-
eral low-nephron animal models to serve as such secondary 
hit but not all studies have been able to demonstrate this [12]. 
In a previous study, we exposed rats with congenitally low 
nephron number to high salt diet, but, despite some evidence 
of histologic deterioration and being hypertensive, animals 
did not develop a significant decrease in renal function dur-
ing an 11-month observation period [4]. Another isolated 
postnatal insult, uninephrectomy, also failed to result in ac-
celerated CKD in our laboratory (Vehaskari, unpublished 
observations).

The goal of this study was to determine whether high 
risk for development of CKD can be unmasked in animals 
born with low nephron count by the combination of two 
postnatal insults, one directly reducing the nephron number 
(uninephrectomy) and the other augmenting hypertension 
(high salt diet).

 
Materials and Methods

   
In all experiments, our previously published protocol was 
followed to induce low birth weight litters [13]. Briefly, 
pregnant rats in the experimental group were kept on a low 
protein diet (LP, 6% protein by weight) from gestational 
day 11 until spontaneous delivery. Dams in the control (C) 
group remained on a standard 20% protein diet. All litters 
were reduced to 8 - 11 pups after birth, with equal number of 
males and females. After weaning on day 21 of life, 50% of 
C pups and 50% of LP pups were placed on a high salt diet 
(HS, 3% Na). Because our pilot experiments had shown that 
long exposure to HS diet was poorly tolerated, these animals 
were switched to a standard salt diet (SS, 0.3% Na) on day 

60 of life. At 4 weeks of age, 50% of the pups in each group 
underwent uninephrectomy (UN). Thus, the following four 
experimental groups were created:

1) Maternal control diet + sham operation + SS diet (C-
S-SS)

2) Maternal LP diet + sham operation + SS diet (LP-S-
SS)

3) Maternal control diet + UN + HS diet days 21-60 (C-
UN-HS)

4) Maternal LP diet + UN + HS diet days 21-60 (LP-
UN-HS)

At 8 weeks of age, 10 - 12 pups of each group were sac-
rificed and kidneys were harvested for nitrotyrosine assay. 
The remaining pups (n = 10-12 in each group) were followed 
longitudinally.

At 6 months of age, 24-h urine for Cr clearance and urine 
albumin excretion was performed, and the animals were sac-
rificed, and both kidneys were harvested for histological 
semiquantitative assessment of renal injury, following our 
previous protocol [4]. As a marker of intrarenal oxidative 
stress, kidney tissue nitrotyrosine content was quantified by 
immunoblotting following our previously established pro-
tocol [13]. The total number of glomeruli per kidney was 
determined at the age of 5 - 6 weeks by the maceration meth-
od as in our pervious protocol [14]. Urine Cr and albumin 
concentration was measured by a standard ELISA kit, while 
plasma creatinine concentration was measured by a standard 
autoanalyzer.

Statistical analysis

Statistical comparisons were performed by analysis of vari-
ance (ANOVA) with Dunnett’s post-test or Fisher’s exact 
test whenever appropriate, comparing each group to C-S-SS. 
P value of < 0.05 is considered statistically significant.

Figure 1. Birth weight. Body weight was measured at day 
1-2 of life in prenatally control (C) and low protein (LP) diet 
animals. Data presented as mean ± SEM (n = 11-12 in each 
group).

Figure 2. Nephron number per kidney. Right kidney in prena-
tally control (C) and low protein (LP) diet rats was resected 
at 4 - 5 weeks of age and glomeruli count was performed by 
the maceration method. Data presented as mean ± SEM (n 
= 10 in each group).
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Results
  
Birth weight and number of glomeruli

LP litters had a 26 % lower birth weight compared to C pups 
(mean 5.69 g vs. 7.72 g, respectively, P = 0.0001; Fig. 1). 
The mean number of glomeruli per kidney was 21,420 in 
LP group vs. 26,630 in C group (20% reduction, P = 0.002; 
Fig. 2).

Animal survival

There were no deaths in C-S-SS or LP-S-SS group by 6 
months of age. In contrast, 5 of 11 animals in C-UN-HS and 
5 of 12 animals in LP-UN-HS died; there was no significant 

difference between these two groups. Except for one female 
in the LP-UN-HS group, all deaths occurred in male rats. 
Before death, these animals showed signs of uremia such as 
progressive edema and decreased food consumption. Serial 
plasma samples were available from three animals and kid-
ney failure as the cause of death was confirmed by progres-
sive rise in plasma creatinine (peak 7.8 - 8.5 mg/dL) in all 
three animals (Fig. 3).

Blood pressure

Blood pressures were examined at 2 and 6 months of age by 
a tail cuff method. At 2 months, while both HS groups were 
still on their designated diets, they were hypertensive (P < 
0.0001), and the degree of hypertension was similar in C and 

Figure 4. Systolic blood pressure. Tail cuff blood pressure at (a) 2 months (n = 10-12 in each group) and in (b) 6 months old 
females (n = 5-7 in each group). C: prenatal control diet; LP: prenatal low protein diet; S: sham surgery; UN: uninephrectomy; 
SS: standard salt diet postnatally; HS: high salt diet on day 21-60 of life (*P < 0.05 vs. C-S-SS).

Figure 3. Survival curve. Survival in animals of the four groups over the 6 months of follow-up. C: prenatal control diet; 
LP: prenatal low protein diet; S: sham surgery; UN: uninephrectomy; SS: standard salt diet postnatally; HS: high salt 
diet on day 21-60 of life (n = 11-12 in each group, analysis was performed by Fisher’s test).
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LP animals despite the difference in nephron numbers (Fig. 
4a). Because only four males in the two HS groups survived 
to 6 months, the 6-month comparison was done in females 
only. As illustrated in Figure 4b, female rats in both UN-
HS groups were hypertensive (17 - 20 mmHg higher than 
C-S-SS animals) despite the fact that the HS diet had been 
discontinued 26 weeks earlier (P < 0.014). Again, there was 
no significant difference between LP-UN-HS and C-UN-HS 
(mean BP 138 ± 17 vs. 134 ± 10 mmHg, respectively). Thus, 
UN combined with HS appeared to be critical for develop-
ment and maintenance of hypertension, rather than prena-
tally low nephron number.

Renal function

Creatinine clearance results were normalized to 100 g of 
body weight. At 6 months, creatinine clearance in females 
was highest in the C-S-SS group (0.6 mL/min/100 g) and 
lowest in the LP-UN-HS group (0.28 mL/min/100 g at 47% 
of the control group), with C-UN-HS and LP-S-SS animals 
exhibiting intermediate values (63% of C-S-SS) (Fig. 5, P = 
0.033). To estimate the frequency of renal functional impair-
ment in both sexes, CKD was defined as CrCl of < 50% of 
the control group (C-S-SS) or as death before 6 months of 
age. Defined this manner, CKD developed in 0/12 in C-S-
SS, 2/12 animals in LP-S-SS, 7/11 animals in C-UN-HS, and 

Figure 5. Renal function. Renal function was measured 
by creatinine clearance (CrCl) in 6 month old females (mL/
min/100 g of body weight). C: prenatal control diet; LP: pre-
natal low protein diet; S: sham surgery; UN: uninephrectomy; 
SS: standard salt diet postnatally; HS: high salt diet on day 
21-60 of life (n = 5-7 in each group,*P < 0.05 vs. C-S-SS).

Figure 6. Albumin excresion. Albumin excretion in 6 months 
old females, measured as albumin/creatinine ratio (mg/mg). 
C: prenatal control diet; LP: prenatal low protein diet; S: sham 
surgery; UN: uninephrectomy; SS: standard salt diet postna-
tally; HS: high salt diet on day 21-60 of life (n = 5-7 in each 
group, *P < 0.05 vs. C-S-SS).

Kidney injury scores (in both males and females) at 6 months of age. Data were presented as mean ± SEM (n = 7 in C-S-SS, 9 in 
LP-S-SS, 6 in C-UN-HS, and 7 in LP-UN-HS; analysis was performed by Fisher’s test).

Group Focal sclerosis 
percentage

Global sclerosis 
percentage Tubular atrophy score Interstitial fibrosis 

score

C-S-SS 0.6500 (0-5.2) 0.0 (0-1.7) 1.0 (1-2) 1.330 (1-2)

LP-S-SS 2.58 (0-6.6) 1.76 (0-7.3) 1.11 (1-2) 1.44 (1-2)

C-UN-HS 11.72 (0-22.9) 16.4 (0-71.7) 1.83 (1-3) 2 (1-3)

LP-UN-HS 14 (1.4-30.4) 21.1 (0-69.6) 2.22 (1-4) 2.44 (1-4)

P value 0.004* 0.059 0.008* 0.022*

Table 1. Kidney Pathology at 6 Months of Age
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9/12 animals in LP-UN-HS group (P = 0.01).

Albuminuria

Albuminuria is presented as albumin/creatinine ratio (mg/
mg). At 6 months of age, analysis was limited to the surviv-
ing females only. Significant differences were evident, from 
the lowest in C-S-SS (0.8 ± 0.55 mg/mg) to the highest in 
LP-UN-HS (2.4 ± 0.9 mg/mg) (Fig. 6, P = 0.012).

Pathology

Kidney morphology was examined at 6 months or at death 
for animals that died before 6 months. LP-S-SS animals had 
significantly lower kidney/body weight compared to C-S-SS 
animals (0.296 ± 0.03 vs. 0.655 ± 0.033 mg/g respectively, P 
= 0.017). As expected, animals exposed to UN had compen-

satory hypertrophy of the remaining kidney (0.6 ± 0.05 mg/g 
in LP-UN-HS vs. 0.81 ± 0.37 mg/g in C-UN-HS), and there 
was no significant difference between the two UN groups. 
The results of semiqualitative determination of histologic in-
jury are presented in Table 1. For each of the scored items, 
the two SS groups had the least injury whereas the two HS 
groups showed the most injury. Although the injury scores 
in LP-UN-HS were numerically higher than those in C-UN-
HS, the difference was not statistically significant. For both 
glomerular and tubulointerstitial injury scores, males had 
generally higher injury scores but it did not reach statistical 
difference (Fig. 7).

Oxidative stress

Tissue oxidative stress level can be estimated by the amount 
of nitrosylated tyrosine residues on tissue proteins, reflect-

Figure 7. Kidney pathology at 6 months of age. Combined glomerular injury (a) and tubulointerstitial injury score (b) in 
control (C) and LP rats after exposure to high salt diet (HS) and unilateral nephrectomy (UN) vs. sham (S) surgery and on 
standard salt diet. (n = 6-9 in each group, *P < 0.05 vs. C-S-SS).

Figure 8. Renal nitrotyrosine content. Kidneys from (a) 8 weeks old offspring (n = 8  in each group) and in (b) 6 months 
old females (n = 5-7 in each group, *P < 0.05 vs. C-S-SS).
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ing the activity of reactive oxygen species. At 8 weeks, LP 
animals had higher abundance of renal nitrotyrosine con-
tent although it did not reach statistical difference (Fig. 8a). 
However, at 6 months of age, there was significant increase 
in the LP-UN-HS female animals (Fig. 8b, P = 0.017).

Discussion
  
This study was based on the hypothesis that exposing ani-
mals with congenitally low nephron numbers to postnatal re-
nal injuries results in accelerated development of CKD. The 
results clearly show that LP animals exposed to the combina-
tion of postnatal uninephrectomy and high salt diet leads to 
early adult life CKD which tends to be more severe in males. 
Without the postnatal insults, LP animals exhibited only mi-
nor signs of histologic renal damage and non-significantly 
reduced renal function by 6 months of age. Unexpectedly, 
however, exposure of control animals to the same postnatal 
insults resulted in a relatively severe renal damage, although 
it seemed to be less severe than the renal damage in LP-UN-
HS animals.

The conventional theory linking congenitally low neph-
ron count to CKD proposes that the remaining fewer neph-
rons compensate by hyperfiltering which is ultimately detri-
mental, causing glomerulosclerosis and progressive nephron 
dropout [11, 15, 16]. However, the outcome in our LP-S-
SS group showed that approximately 20% prenatal reduc-
tion in total nephron count did not lead to early decline in 
renal function without additional postnatal adverse factors. 
Indeed, to demonstrate that pure hyperfiltration injury causes 
kidney failure, a 75% reduction in number of nephrons in the 
rat may be required [17]. Therefore, lesser degrees of neph-
ron deficit may serve as a risk factor but may need additional 
injurious events to become clinically significant.

Hypertension commonly accompanies CKD and con-
tributes to the progression of the disease. Most earlier studies 
on rats with low birth weight and congenitally low nephron 
number reported elevated blood pressures, measured by tail 
cuff plethysmography [5, 18-21]. However, the presence of 
sustained hypertension in models such as ours remains con-
troversial. Some studies, employing tail cuff methodology 
[12] and more recently 24-h blood pressure monitoring by 
intra-arterial telemetry [22, 23], have been unable to con-
firm the presence of hypertension. Besides methodological 
differences, the contradicting results may reflect differences 
in response to the stress induced by the measurements [19, 
24]. In the present study, we observed no differences be-
tween control and LP animals with or without salt loading 
but, interestingly, early life HS seemed to induce life-long 
hypertension in all UN rats independently of nephron num-
ber at birth. Our results suggest that the combined impact of 
postnatal UN and HS far exceeded that of congenital reduc-
tion of nephrons.

Because hypertension may not be a critical factor in the 
development of CKD in our model, other possible detrimen-
tal effects of salt should be considered. High Na environment 
may have a direct vasoconstrictive effect on systemic vas-
culature and hence contribute to tissue injury [25-27], and 
could increase renal oxidative stress [4, 28, 29]. In the pres-
ent study, the highest renal tissue oxidative stress levels were 
seen in the LP rats, but it only reached statistical significance 
in the LP-UN-HS group at 6 months of age. This suggests 
that animals with congenitally low nephron number are in-
trinsically more prone to excessive oxidative stress, consis-
tent with results of other researchers [30, 31]. However, it 
does not appear to be a major factor in the development of 
CKD under the conditions of this study.

Although our study was not designed to evaluate sex 
differences in development of CKD, males developed more 
severe renal disease than females. Mortality was signifi-
cantly higher in males, and they tended to have more severe 
albuminuria, renal oxidative stress, and advanced glomerular 
and tubulointerstitial sclerosis compared to females. Other 
investigators have reported similar sex differences in devel-
opment of hypertension and kidney disease [32-34], and in 
renal oxidative stress [31].

In conclusion, our results indicate that rats with congeni-
tally mild nephron deficit (20% reduction) do not develop 
impaired renal function during the first 6 months of life, de-
spite the presence of hyperfiltration. However, when addi-
tional postnatal exposures were imposed, CKD ensued and 
was worse in males. Since humans exhibit a wide range of 
nephron number, those at the low end of the spectrum have a 
higher risk for CKD when exposed to environmental insults.
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