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Abstract Previous studies have shown that life-long

caloric restriction in rats protects the kidneys from

age-dependent injury. In this study, we analyzed

whether late-life-introduced caloric restriction has a

similar effect. The study lasted 12 months. Three

groups of animals were analyzed: rats fed ‘‘ad

libitum’’ (AD, n = 9), rats on 60% caloric restriction

(CR, n = 9), and rats fed ‘‘ad libitum’’ for the first six

months of their life then switched to 60% caloric

restriction thereafter (LCR, n = 9). At the end of the

study kidney function was assessed and kidney

samples were analyzed histologically. Serum creati-

nine and urine albumin were higher in AD than in both

CR and LCR (P \ 0.001). Creatinine clearance (Clcr)

corrected for body weight was lowest in AD and

comparable in CR and LCR. Similarly Clcr corrected

for kidney weight was lower in AD than in both CR

and LCR (P \ 0.05). Severe albuminuria was

observed only in AD. In CR and LCR the amount of

albumin excreted was comparable (AD vs. CR,

P \ 0.0001; AD vs. LCR, P \ 0.001). In morpho-

metric analysis, the mean size of the glomeruli was

higher in AD than in both CR and LCR (P \ 0.01).

Similar results were found for the mesangial area (AD

vs. CR, P \ 0.001; AD vs. LCR, P \ 0.01) and for

mesangial cell counts (AD vs. CR, P \ 0.001; AD vs.

LCR, P \ 0.05). No difference was found between

CR and LCR in morphometry. In conclusion, our

study indicates that late-life introduction of caloric

restriction reverses most of the structural and func-

tional changes observed in the kidneys of ‘‘ad

libitum’’-fed rats.
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Introduction

Aging is associated with degenerative changes in

many organs including the kidney [1]. As the kidney

has a pivotal role in the maintaining body health and

homeostasis, age-related nephropathy has been stud-

ied in detail on the basis of many different models,

including rat models. Despite the inconsistency of the
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results obtained from different rat strains, there is a

general belief that aging affects both morphology and

function of the kidney and that chronic progressive

nephropathy in a common spontaneous disease in

senescent rats (reviewed in [2]).

It had already been shown by Owen et al. [3] in the

late 1980s that in male Sprague–Dawley rats the

incidence of chronic progressive kidney damage

increased from 12% to 81% between the first and

second years of age. Haley and Bugler [4] had shown

that in twelve-month-old male animals of this strain

GFR expressed per 100 g body weight was lower

than for younger animals. According to Baylis [5], in

male Wistar rats both GFR and RPF were signifi-

cantly lower in nineteen-month-old than in eight-

month-old animals. Remuzzi et al. [6] found massive

proteinuria of glomerular origin in twenty-one-

month-old male Wistar rats. In comparison with

seven-month old animals protein excretion was a

factor of six lower. Wiggins et al. [7] had shown that

in male Fischer 344 rats age-dependent proteinuria

was accompanied by an enlarged glomerular volume

with increased glomerular total cell count and also

percentage of sclerotic glomeruli.

Diet has been, and is, a major tool in experimental

biology. McCay discovered that caloric restriction

retards the aging process, increases longevity, and

reduces age-dependent pathology without causing

malnutrition in the rat (reviewed in [8]). It was shown

that in ‘‘ad libitum’’-fed rats kidney function declined

faster than in caloric-restricted animals [9–11].

Studies conducted by Wiggins et al. on male Fischer

rats had shown that 60% caloric restriction for two

years had a beneficial effect not only on glomerular

proteinuria but also on glomerular hypertrophy and

glomerulosclerosis [7].

Caloric intervention introduced in rats up to six

months from birth has been shown to have a similar

effect on longevity to whole-life-long caloric restric-

tion [12]. Data on the effect of late-life introduction

of caloric restriction on kidney structure and function

are very scarce.

McKiernan et al. [13] studied eighteen-month old

male Fischer–Brown Norway rats (up to this point all

animals were fed ‘‘ad libitum’’). For the next six

months the control group was fed ‘‘ad libitum’’ and

the other was put on 40% caloric restriction diet.

They found that dietary intervention reduced glomer-

ular sclerosis and tubular atrophy. However, in that

study no animals were kept on the diet for their whole

life. Hence, the question whether late-life introduc-

tion of caloric restriction is as effective as a life-long

low caloric diet is still open. This seems to be very

important, as late-life introduction of the diet is more

realistic for humans.

Thus, the aim of this study was to compare the

structure and function of the kidney in rats fed ‘‘ad

libitum’’ for the first 12 months of their life with

those which started caloric restriction after six

months of age.

Material and methods

Animals and diet strategy

The experiment was conducted on 30 male Wistar

rats. During the study the rats were housed at a

constant room temperature (22–25�C) with 50–65%

humidity and were exposed to a 12-h lights-on/12-h

lights-off cycle with free access to water.

When the animals were seven-weeks old they were

randomly divided into three groups:

• group AD (n = 10)—animals fed ‘‘ad libitum’’;

• group CR (n = 10)—diet-restricted rats: total

caloric intake equaled 60% of that of the AD-

fed controls; and

• group LCR (n = 10)—rats were fed ‘‘ad libitum’’

for the first six months of their life and switched

to 60% caloric restriction thereafter.

According to the protocol, after twelve months,

animals from every group finished the experiment.

However, one rat from the AD group died during the

study period. Therefore, only nine animals ended the

study in this group. In the other two groups ten

animals completed the study, but because of technical

problems with blood sampling (clot formation) in one

rat from the CD group and one from the LCR group,

eventually only nine rats in each group were included

in the statistical analysis.

Study design

At twelve months, before the end of the study, rats

were placed in metabolic cages for the last 24 h, for

urine collection. Thereafter, rats were sacrificed by

bleeding under ether anesthesia and blood samples
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were collected. Hemoglobin concentration (Hb) and

hematocrit (Ht) were measured immediately in blood

samples (hematologic blood analyzer Sysmec K-

1000). It was assumed that in malnourished animals,

because of low iron level, Hb may be low. To exclude

the effect of dehydration Ht also was measured.

Next, both serum samples (after separation and

rinsing) and urine samples were frozen (–80�C) and

kept for further analyses.

Immediately after the animals’ death, the kidneys

were removed, weighed, and samples from them were

fixed in 4% buffered formaldehyde (pH 7.3) and

embedded in paraffin. For further analyses, 5-lm

thick slides were used.

Biochemical and morphological methods

In each serum sample, albumin (SALB—colorimetric

method/Hitachi 904/Roche) and creatinine (Scr—

Jaffe method/Hitachi 904/Roche) concentration were

measured. The same compounds were analyzed in

urine samples (Ucr, UALB—colorimetric method/Hit-

achi 904/Roche). Additionally, creatinine clearance

(Clcr) was calculated and corrected for body weight

and for kidney weight.

For morphometric analyses, slides stained with

periodic acid–Schiff (PAS staining) were assessed by

light microscopy (2009 magnification; Nikon,

Eclipse E 400) supported with digital image-analyz-

ing equipment (Screen Measurement, 4.21;

Laboratory Imaging, Prague, Czech Republic). In

each kidney, an area of 25 consecutive glomeruli was

measured and then the mean size of glomeruli was

calculated.

Similarly, in ten consecutive glomeruli, the area

covered by the mesangium was measured and the

number of mesangial cells was assessed for calcula-

tion of the mean mesangial area and the mean number

of mesangial cells per glomerulus.

Statistical analyses

Data are expressed as mean ± SD. The statistical

analysis between the studied groups was performed

using ANOVA with the post-hoc test by Kruskall–

Wallis. The frequency of positive results within the

groups was compared by the Fisher test. A P-value

\0.05 was defined as statistically significant.

Results

After twelve months, the mean body weight of AD rats

was statistically significantly higher than that of CR

animals (562 ± 52 g vs. 333 ± 10 g; P \ 0.0001). In

the LCR group, the mean body weight was lower than

that of AD rats (385 ± 9 g, P \ 0.05 vs. AD) but did

not differ significantly from that of CR animals.

There was no difference in Hb levels and Ht values

between the groups examined (Table 1). SALB was lower

in AD rats (32.2 ± 3.8 g/l) than in both diet-restricted

groups of animals, however (CR: 48.5 ± 5.5 g/l,

P\ 0.0001; LCR: 45.7 ± 3.5 g/l, P\0.001). Mean

SALB were similar in the CR and LRC groups.

Mean kidney weight was higher in AD than in CR

rats (3.40 ± 0.32 g vs. 2.17 ± 0.10 g; P \ 0.001). In

this respect, the difference between the LCR

(2.74 ± 0.30 g) and CR rats also reached statistical

significance (P \ 0.05). Interestingly, when kidney

weight was factored for body weight, only the ratio

between the LCR and AD animals differed signif-

icantly (respectively: 0.0072 ± 0.0007 and 0.0060 ±

0.0003; P \ 0.001).

Scr was higher in AD animals than in both CR and

LCR (P \ 0.001—Table 1; Fig. 1a). Clcr corrected

for body weight was the lowest in AD rats (P \ 0.05

vs. both CR and LCR) and comparable in the CR and

LCR groups (Table 1; Fig. 1b). Similarly Clcr cor-

rected for kidney weight was statistically significantly

lower in AD rats (0.54 ± 0.13 ml/min/1 g) than in

both diet-restricted groups (P \ 0.05; CR: 0.71 ±

0.13 ml/min/1 g; LCR: 0.72 ± 0.13 ml/min/1 g)

(Fig. 1c).

Urine volume was higher in AD rats than in CR

rats (15.60 ± 6.02 ml vs. 8.16 ± 2.31 ml, P \ 0.01).

Urine volume for LCR animals was comparable with

that for AD rats and higher than for CR rats

(14.78 ± 4.02 ml, P \ 0.01). In CR and LCR ani-

mals albumin excretion was comparable (CR:

5 ± 2 mg/24 h; LCR: 9 ± 14 mg/24 h). More severe

albuminuria was observed in animals from the AD

group (AD: 190 ± 161 mg/24 h; P \ 0.0001 vs. CR

and P \ 0.001 vs. LCR) (Fig. 1d).

In morphometric analysis, the mean size of the

glomeruli, mesangial area, and mesangial cell counts

were statistically significantly higher in the AD rats

than in both CR and LCR groups (detailed data are

presented in Table 2 and Fig. 2). No difference was

found between the CR and LCR animals in this
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respect. Representative glomeruli from each of the

three groups are presented in Fig. 3.

Discussion

Regression of kidney damage may retard progression

of chronic kidney disease (CKD) [14]. In humans

with CKD, increase in GFR and reduction in

proteinuria serves as indirect evidence of regression.

However, it is difficult to document morphological

changes in the human kidney, because kidney biopsy

cannot be repeated for the same subject several times

[15]. Thus, to study mechanisms of kidney damage an

animal model is necessary. As age-related changes in

the kidney are relatively severe in male Wistar rats,

we decided to conduct our experiment on this strain

of rats.

Table 1 Selected biochemical data in the studied rats

AD CR LCR

Hb (g/dl) 16.0 ± 0.4 15.9 ± 1.0 14.9 ± 1.8

Ht (%) 48.1 ± 3.9 48.7 ± 4.0 42.3 ± 5.7

Scr (mg/100 cm3) 0.561 ± 0.026 0.414 ± 0.012 0.391 ± 0.010

P \ 0.01 vs. AD P \ 0.001 vs. AD

Clcr (mg/ml/100 g) 0.320 ± 0.07 0.460 ± 0.07 0.507 ± 0.09

P \ 0.05 vs. AD P \ 0.001 vs. AD

AD: the animals fed ‘‘ad libitum’’, CR: the restricted rats: total caloric intake equaled 60% of that of the AD fed controls, LCR: rats

that were fed ‘‘ad libitum’’ for the first 6 months of their life and switched on 60% caloric restriction thereafter
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Fig. 1 Detailed results

characterizing kidney

function in the studied rats

(AD, animals fed ‘‘ad

libitum’’; CR, restricted

rats—total caloric intake

equaled 60% of that of the

AD-fed controls; LCR, rats

fed ‘‘ad libitum’’ for the first

six months of their life and

switched to 60% caloric

restriction thereafter)
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Our study showed the beneficial effect of caloric

restriction on functional and morphological aspects

of kidney damage. These results are in agreement

with those demonstrating that life-long 40% caloric

restriction slows kidney damage [9–11]. We also

used 40% caloric restriction for the studied rats.

Because Hb levels and Ht values were comparable

for all groups of animals studied, it is unlikely the

results were affected by the undernourishment.

Furthermore, serum albumin levels were the low-

est in the AD group. This not only excludes

dehydration of the studied animals but also argues

against malnutrition. In the AD group, severe

albuminuria was observed. In aging rats, proteinuria

is the most striking characteristic change in renal

function [2].

Table 2 Morphometric analysis of kidney samples from the studied rats

AD CR LCR

Mean glomerular area (lm2) 9961 ± 511 7225 ± 450 8279 ± 866

P \ 0.0001 vs. AD P \ 0.05vs. AD

Mean mesangial cell area (lm2) 6599 ± 439 3670 ± 448 4671 ± 621

P \ 0.001vs. AD P \ 0.05 vs. AD

Mean mesangial cell count (n) 58 ± 3 40 ± 5 49 ± 3

P \ 0.001vs. AD P \ 0.05 vs. AD

AD: the animals fed ‘‘ad libitum’’, CR: the restricted rats: total caloric intake equaled 60% of that of the AD fed controls, LCR: rats

that were fed ‘‘ad libitum’’ for the first 6 months of their life and switched on 60% caloric restriction thereafter
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Fig. 2 Detailed results

from morphometric analysis

of kidney samples from the

studied rats (AD, animals

fed ‘‘ad libitum’’; CR,

restricted rats—total caloric

intake equaled 60% of that

of the AD-fed controls;

LCR, rats fed ‘‘ad libitum’’

for the first six months of

their life and switched to

60% caloric restriction

thereafter)
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McKiernan et al. [13], who introduced 40% caloric

restriction in eighteen-month-old Fischer–Brown

Norway rats, showed that already after six months

of diet there were fewer morphological changes in the

kidneys compared with ‘‘ad libitum’’-fed animals.

Our observations support these findings, because we

also found that after six months of diet all analyzed

aspects of kidney morphology were much better.

Moreover, in our study six months of diet introduced

in rats that were six months old reversed most of the

structural alterations observed in the ‘‘ad libitum’’-fed

rats. The study of McKiernan et al. [13] did not

encompass rats on long-life restricted diet. This

would be necessary to answer the question concern-

ing the reversibility of renal injury.

In female obese Zucker rats, Maddox et al. [16]

observed that food restriction introduced at six or

twelve weeks of age prevented almost completely the

development of proteinuria and glomerulosclerosis.

When the introduction of caloric restriction was

delayed until twenty-six weeks of age, it was less

effective. After thirty-two weeks of diet the severity

of proteinuria and glomerular injury was lower than

in ‘‘ad libitum’’-fed animals but still higher than in

lean female Zucker rats. The obese Zucker rat is an

animal model of genetically inherited obesity and

lean rats are regarded as controls. In the study of

Maddox et al. [16] obese rats switched to a diet were

given the amount of food defined as normal intake for

lean female Zucker rats. It must be pointed that our

experiment started when the animals were seven

weeks old and the LCR was introduced six months

later. Thus, it was later than in the study of Maddox

et al. Different effects may be related to different

animal strain, sex, and diet regimen.

In LCR animals, caloric restriction was introduced

in adulthood. After six months, the mean body weight

in this group was as low as in CR rats with comparable

HBG and SALB. Interestingly, kidney weight was still

higher in the LCR rats than in CR rats after six months

of the diet, and when expressed per 100 g body weight

it was even higher in LCR than in AD animals.

Possibly, because of kidney hypertrophy, LCR rats

had higher urine volume than CR rats. In this context,

a combination of the lowest values of serum creatinine

with the highest values of creatinine clearance in LCR

rats can further indicate early stages of renal damage.

Thus, it seems likely that six months of diet is too

short a time to repair kidney injury completely. In

conclusion, our study indicates that late-life introduc-

tion of caloric restriction reverses most of the

structural and functional changes observed in the

‘‘ad libitum’’-fed rats. Nevertheless, it is to be

expected that with earlier introduction of the diet

even better results may be achieved.
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