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same age (6 months). Wild-type rats fed the regular diet de-
veloped age-associated nephropathy as they aged, showing 
severe inflammatory cell infiltration, glomerulosclerosis, 
and tubulointerstitial fibrosis. In addition, about 83% of the 
wild-type rats allowed to survive naturally showed signs of 
nephropathy. In contrast, only 26% of the naturally surviving 
hemizygote rats showed features of nephropathy, despite 
the fact that these rats lived 8% longer (maximum survival 
171 weeks) than the wild-type rats (maximum survival 158 
weeks). When chronic suppression of GH/IGF-1 activity was 
combined with lifelong caloric restriction, however, age-
associated nephropathy was nonexistent in hemizygote 
transgenic rats, and they showed about 30% increase in sur-
vival (maximum survival 204 weeks). There was no signifi-
cant difference in the rate of neoplastic or nonneoplastic le-
sions (other than in the kidney) in the regularly fed wild-type 
rats or in the calorie-restricted hemizygote transgenic rats 
that survived longer.  Conclusion:  We concluded that kidney 
pathology is an important determinant of overall survival, 
and that prevention of kidney pathology by dietary restric-
tion, combined with chronic suppression of GH/IGF-1 activ-
ity, significantly extends overall survival and longevity. 

 Copyright © 2008 S. Karger AG, Basel 
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 Abstract 

  Aim:  The aim of this study was to determine the effects of 
kidney pathology on overall survival and longevity and the 
combined effects of chronic suppression of growth hor-
mone (GH)/insulin-like growth factor-1 (IGF-1) activity and 
lifelong caloric restriction on age-associated nephropathy. 
 Methods:  We analyzed the kidneys of rats with suppressed 
GH activity through genetic manipulation with an antisense 
GH transgene. Rats were fed normally or with a 30% calorie-
restricted diet for 24–26 months. The kidneys of male wild-
type young (6 months) and old (24–26 months) rats were 
compared with male hemizygote transgenic young (6 
months) and old (24–26 months) rats fed with either regular 
diet or 30% calorie-restricted diet for their entire life span. 
 Results:  The transgenic rats had relatively less pituitary GH-
secreting cells, and the plasma levels of IGF-1 were decreased 
by 53% in homozygote rats (tg/tg) and by 28% in hemizy-
gote rats (tg/wt) compared to wild-type rats (wt/wt) of the 
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 Introduction 

 The importance of kidney pathology to survival is 
generally underestimated. A recent National Health and 
Nutrition Examination Survey (NHANES III) found that 
11% of people over the age of 65 without obvious renal 
disease had 60% less renal function compared to younger 
adults  [1] . The effects of aging on progressive kidney 
damage are well known, but the effects of renal damage 
on overall survival and longevity remain uncharacter-
ized. In this study, we examined the effects of renal dam-
age on longevity in growth hormone (GH)/insulin-like 
growth factor-1 (IGF-1)-suppressed mutant rats. We se-
lected this model because of the prolonged survival of 
hemizygote transgenic rats compared with wild-type rats 
 [2] . 

  The beneficial effects of suppressing the GH/IGF-1 ac-
tivity on aging and survival are well established  [2–6] . 
Recent studies, however, showed that such positive effects 
could mostly be achieved by controlled suppression of 
GH/IGF-1 activities  [7] . A severely reduced GH/IGF-1 ac-
tivity could affect overall growth and development, but 
could also influence survival by facilitating tumorigen-
esis and by compromising immune function  [2] . Hemi-
zygote transgenic rats with reduced GH/IGF-1 activity 
showed a longer life span than both their homozygote lit-
termates and wild-type control rats of similar genetic 
background  [2] . Importantly, life span was decreased in 
the homozygote rats as compared with the wild-type con-
trols  [2] , suggesting that a severely limited GH/IGF-1 ac-
tivity does not have the same effect on life span  [2, 8] . 
These results support earlier observations of IGF-1 recep-
tor knockout heterozygous mutant mice living approxi-
mately 26% longer than wild-type cohorts, while homo-
zygous mice died at birth  [3] . Similarly, Sonntag et al.  [7]  
showed that a limited reduction of GH and IGF-1 in a ro-
dent model, initiated in adulthood and continued 
throughout life, increased life span  [7] , although the life-
long suppression of GH and IGF-1 in rats of the same ge-
netic background failed to measurably prolong life span 
 [7] . It is, therefore, apparent that only a controlled reduc-
tion of the GH/IGF-1 system has long-term positive ef-
fects on life span, and such beneficial effects on survival 
are achieved at least in part by the amelioration of age-as-
sociated organ pathology. 

  Since homozygote antisense GH-transgenic rats have 
lower survival rates than wild-type rats, we sought to de-
termine the effects of moderately reduced GH/IGF-1 ac-
tivity on the kidneys of hemizygote transgenic rats, and 
whether kidney pathology affects overall survival and 

longevity. This study also investigated the combined ef-
fects of lifelong caloric restriction and chronic suppres-
sion of GH/IGF-1 activity on spontaneous, age-associat-
ed nephropathy in hemizygote transgenic rats. 

  Materials and Methods 

 Animals  
 The transgenic male rats [mini, Jcl:Wistar-TgN(ARGHGEN)

1Nts] used in the present study were obtained from the Nippon 
Institute for Biological Science (Tokyo, Japan). The generation of 
these transgenic strains expressing an antisense GH transgene to 
suppress GH expression has been described previously  [8] . Wistar 
rats with a similar genetic background to that of the transgenic 
rats were used as wild-type controls. Rats were maintained in ac-
cordance with the guidelines for the care and use of laboratory 
animals, and all protocols were approved by the Ethics Review 
Committee for Animal Experimentation at Nagasaki University 
Graduate School of Biomedical Sciences.

  Feeding of Animals 
 Male rats were kept in a barrier facility (temperature 24  8   

 1   °   C; 12-hour light/dark cycle), which was housed separately and 
maintained under specific pathogen-free conditions during the 
study period, as described in detail previously  [8] . Briefly, the rats 
were provided with CR-LPF diet (Oriental Yeast, Tokyo), which is 
based on the formula of Charles River (CRF-1), although the pro-
tein fraction was reduced to 18% for the long-term study. The diet 
composition was as follows (per 100 g): 18.2 g protein, 4.8 g fat, 
6.6 g mineral mixture, 5.0 g fiber, 57.9 g nitrogen-free water-sol-
uble substance, and 7.5 g water. The caloric value of the diet was 
348 kcal/100 g. All rats were fed this diet and water ad libitum  
 (AL) after the weaning stage. At 6 week of age, the rats were di-
vided into two groups: AL rats continued to receive food ad libi-
tum and calorie-restricted (CR) rats received approximately 30% 
less food than the AL controls. The feeding protocol was de-
scribed in detail previously  [8] . 

  Longevity Study in Various Genotypes 
 Thirty rats in each group were monitored for survival. Wild-

type and hemizygote AL and CR rats were monitored until spon-
taneous death occurred. Dead rats from these experiments were 
autopsied, and internal organs were collected for histopathologi-
cal examination to determine renal and extrarenal lesions. Chron-
ic nephropathy was classified according to severity, i.e., mild, 
moderate, and severe, as proposed by Maeda et al.  [9] .

  Plasma Levels of IGF-1 
 Plasma samples were collected from young and old wild-type 

and mutant rats. The concentration of circulating IGF-1 was mea-
sured by an enzyme immunoassay (Diagnostic Systems Labora-
tories, Inc., Webster, Tex., USA), according to the instructions 
provided by the manufacturer.

  Renal Tissue Collection 
 At least 5 wild-type and hemizygote transgenic rats at each age 

point were sacrificed at 6 and 24–26 months of age. Both kidneys 
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were removed via a midline abdominal incision, weighed, and 
then immediately fixed overnight in 10% formalin for morpho-
metric and immunohistochemical studies. 

  Histological and Morphometric Analyses 
 Renal tissues were processed for paraffin embedding, and 4-

 � m sections were stained with hematoxylin and eosin, periodic 
acid-Schiff, periodic acid-methenamine silver, and Masson’s tri-
chome, as described previously  [10, 11] . Histological changes were 
determined by light microscopy and graded as proposed by Mae-
da et al.  [9] . 

  Immunohistochemical Studies 
 Immunohistochemical staining was performed as described 

previously  [11, 12] . Briefly, paraffin-embedded tissue sections 
were deparaffinized with xylene, rinsed thoroughly with 95% 
ethanol, and then soaked in 0.3% hydrogen peroxide in methanol 
for 30 min at room temperature to inactivate endogenous peroxi-
dase activity. After a 5-min treatment with 0.05% trypsin (T4799; 
Sigma, St. Louis, Mo., USA), the tissue sections were incubated 
with either 10% goat serum or 10% rabbit serum for 30 min, and 
then with one of the following primary antibodies: anti-pro-
liferating cell nuclear antigen (PCNA, 1:   100; Dako, Glostrup, 
Denmark), anti-ED-1 (1:   100; Serotec, Oxford, UK), and anti-
 � -smooth muscle actin ( � -SMA, 1:   100; Dako). The slides were 
washed with phosphate-buffered saline and processed further us-
ing a Histofine SAB-PO kit (Nichirei, Tokyo), as recommended 
by the manufacturer. Antibody binding was visualized by reac-
tion with 3,3 � -diaminobenzindine and H 2 O 2 .

  Stained tissue sections were quantitated by counting the num-
bers of interstitium-infiltrating macrophages (ED-1 stained), 
proliferating cells (PCNA stained), and phenotypically altered 
cells ( � -SMA stained) in five randomly selected fields of the re-
nal cortex (!40 magnification). The average number of each cell 
type was then calculated separately in the glomerular and tu-
bulointerstitial compartments as detailed earlier  [13] . 

  Statistical Analysis 
 Statistically significant differences between groups were eval-

uated using Student’s t test or Fisher’s test for comparison between 
two groups, or by one-way analysis of variance followed by Tukey’s 
test for multiple comparisons. Survival was analyzed using Ka-
plan-Meier estimates and was compared using the log-rank test. 
All values were expressed as mean  8  SEM. p  !  0.05 was consid-
ered statistically significant. All analyses were performed using 
Microsoft Office Excel (Microsoft Corp., Redmond., Wash., USA) 
or StatView 5.0 (SAS Institute, Inc., Cary, N.C., USA) software. 

  Results 

 Food Intake and Body Weights of Various Genotypes 
 Food intake for the wild-type regularly fed (AL) rats 

was gradually increased from weaning at 4 weeks until 12 
weeks of age, and then decreased slightly from 12 to 24 
weeks of age ( fig. 1 ). After that, no substantial changes in 
the food intake were noted with increasing age. Hemizy-

gote AL rats consumed 70–80% of the mean intake of 
wild-type AL rats, although the food intake patterns were 
similar between these two groups. The average food in-
take of hemizygote AL rats was similar to that of the CR 
wild-type rats. These feeding patterns are consistent with 
our previous study  [8] .

  All rats gained weight until 96 weeks of age, after which 
time the body weight either remained constant or gradu-
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  Fig. 1.   a  Food intake in rat groups in the longevity study (mean  8  
SD). Data at 12-week intervals are shown but are not given when 
the number of rats is  ! 5 [from ref. 8, with permission].  b  Body 
weight of the corresponding genotypes at 6 and 24–26 months of 
age (mean  8  SD). wt = Wild-type rats; tg = transgenic (hemizy-
gote) animals. * p  !  0.01, compared to 6 months of wild-type AL 
rats; ** p  !  0.01, compared to 24–26 months of wild-type AL 
rats. 
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ally decreased. The hemizygote AL rats weighed approx-
imately one third less than the wild-type AL rats. In con-
trast, the wild-type CR rats were similar in weight to the 
hemizygote AL rats until 52 weeks of age, after which the 
hemizygote AL rats continued to gain weight, while 
weights of wild-type CR rats stabilized.  Table 1  details the 
body weight data for young (6-month-old) and old (24- to 
26-month-old) rats of all four groups studied. 

  Survival and Plasma IGF-1 Levels 
 The survival rate of the homozygote AL rats was sig-

nificantly less (p  !  0.01) than that of the wild-type AL 
rats. This was predominantly due to the appearance of 
several tumors in the homozygote AL rats with severely 
reduced GH/IGF-1 activity. The homozygote life span 
was decreased by approximately 7 weeks (5%, 50th per-
centile) and 14 weeks (10%, 25th percentile) compared to 
wild-type rats. The homozygote rats also showed a high-
er incidence of leukemia, which was not observed in wild-
type rats. In contrast, the hemizygote AL rats showed sig-
nificantly higher survival rates (p  !  0.03) than wild-type 
AL rats; it was approximately 12 weeks (7%, 50th percen-
tile) and 14 weeks (10%, 25th percentile) longer in hemi-
zygote AL rats than in wild-type AL controls ( fig. 2 ). The 
life span of wild-type CR rats was 10.7% greater at the 
25th percentile point and 17.8% greater at the 10th per-
centile point than that of wild-type AL rats. Similarly, the 
life span of hemizygote CR rats was extended by about 20 
and 30% at the 25th and 10th percentile points, respec-

tively, compared with wild-type AL rats. This extended 
life span of the hemizygote CR rats prompted us to study 
the effects of renal injury on overall survival, using these 
long-lived rats. 

  The plasma levels of IGF-1 in 6-month-old hemizygote 
AL rats (1,172.2  8  73.3 ng/ml) were significantly less 

Table 1. Body weight of young and old wild-type and mutant rats 
fed either the regular diet (AL) or the 30% calorie-restricted diet 
(CR)

Genotype Body weight, g

6 months 24–26 months

Wild-type AL 494817 624829
Hemizygote AL 316812 421818
Wild-type CR 34584 40389
Hemizygote CR 21281 244817

Wild-type AL (6 months) vs. wild-type AL (24–26 months):
p < 0.001; wild-type AL (6 months) vs. hemizygote CR (24–26 
months): p < 0.001; wild-type CR (6 months) vs. wild-type AL 
(24–26 months): p < 0.001; hemizygote AL (6 months) vs. wild-
type AL (24–26 months): p < 0.001; hemizygote CR (6 months)
vs. wild-type AL (24–26 months): p < 0.001; hemizygote CR (6 
months) vs. wild-type CR (24–26 months): p < 0.001; hemizygote 
CR (6 months) vs. hemizygote AL (24–26 months): p < 0.001; wild-
type AL (24–26 months) vs. wild-type CR (24–26 months): p < 
0.001; wild-type AL (24–26 months) vs. hemizygote CR (24–26 
months): p < 0.001; wild-type CR (24–26 months) vs. hemizygote 
CR (24–26 months): p < 0.001; hemizygote AL (24–26 months) vs. 
hemizygote CR (24–26 months): p < 0.001.

Table 2. Plasma IGF-1 concentrations in young and old wild-type 
and mutant rats fed with the regular diet (AL) or the 30% calorie-
restricted diet (CR)

Genotype IGF-1, ng/ml

6 months 24–26 months

Wild-type AL 1,613.68190.5 1,230.28270.4
Hemizygote AL 1,172.28231.9 1,362.38234.1
Wild-type CR 1,415.88320 1,152.48262.1
Hemizygote CR 808.28103.6 613.48205.4

Wild-type AL (6 months) vs. hemizygote CR (6 months): p < 
0.001; wild-type AL (6 months) vs. hemizygote CR (24–26 months): 
p < 0.001; wild-type CR (6 months) vs. hemizygote CR (6 months): 
p < 0.001; wild-type CR (6 months) vs. hemizygote CR (24–26 
months): p < 0.001; hemizygote AL (24–26 months) vs. hemizy-
gote CR (24–26 months): p < 0.001.
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  Fig. 2.  Survival curves. The number of rats at the start of the study 
was 30 in each group. p  !  0.05: tg/wt (AL) vs. wt/wt (AL); p  !  0.05: 
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Wild-type rats; tg = transgenic (hemizygote) animals [from ref.
8, with permission]. 
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than the levels in wild-type AL rats (1,613.6  8  57.3 ng/
ml) ( table 2 ). Similar reductions were identified in the 24- 
to 26-month-old hemizygote AL rats (613  8  205 ng/ml) 
and wild-type CR rats (1,152  8  262 ng/ml). In general, 
both wild-type and hemizygote CR rats had relatively 
lower levels of plasma IGF-1 compared to their AL coun-
terparts ( table 2 ). 

  Histological Analysis 
 The wild-type AL rat kidneys showed no abnormal 

pathology at 6 months of age, but glomerulosclerosis, se-
vere interstitial inflammatory cell infiltration, and tubu-

lointerstitial fibrosis were present in the kidneys of wild-
type AL rats at 24–26 months of age ( fig. 3 a). Restriction 
of caloric intake significantly reduced renal damage, as 
shown in the kidneys of 24- to 26-month-old CR rats 
( fig. 3 b). The hemizygote AL transgenic rats showed no 
obvious histopathological changes at 6 months of age, but 
mild features of nephropathy had appeared at 24–26 
months of age ( fig. 3 c); such renal lesions, however, were 
absent in the 24- to 26-month-old hemizygote CR rats 
( fig. 3 d). These results indicate that prolonged caloric re-
striction and suppression of GH/IGF-1 confer a variable 
degree of protection against renal damage.

a b

c d

  Fig. 3.  Histological features of kidneys obtained from a 24- to 26-
month-old wild-type AL rat ( a ) and a wild-type CR rat ( b ).  a  Note 
severe glomerular and tubulointerstitial damage, with massive 
infiltration of inflammatory cells and interstitial fibrosis, in wild-
type rats fed the AL diet.  b  Lifelong dietary restriction signifi-

cantly reduced such renal lesions in wild-type CR rats of similar 
age. A similar improvement in renal damage was also noted in 
24- to 26-month-old rats with suppressed GH/IGF-1 activity fed 
either the AL diet ( c ) or the CR diet ( d ). Periodic acid-methena-
mine silver. Original magnification  ! 20.        
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  Renal Expression of ED-1-Positive Macrophages 
 The 24- to 26-month-old wild-type AL rats showed 

increased renal infiltration of ED-1-positive macrophages 
( fig. 4 a) compared to kidneys of age-matched hemizygote 

AL rats ( fig. 4 b). However, hemizygote AL and CR rats of 
the same age contained similar numbers of ED-1-positive 
macrophages in both the glomeruli ( fig. 4 c) and the tu-
bulointerstitium ( fig. 4 d). These results suggested that 
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  Fig. 4.  Immunohistochemical staining of 
ED-1 in kidney sections prepared from a 
24- to 26-month-old wild-type (wt) AL rat 
( a ) and a hemizygote transgenic (tg) AL rat 
of similar age ( b ). Lifelong suppression of 
GH/IGF-1 activity significantly reduced 
ED-1-positive macrophage infiltration in 
hemizygote transgenic AL rats ( b ). Origi-
nal magnification !20. The arrows indi-
cate macrophages. The average numbers 
of ED-1-positive macrophages in glomer-
uli ( c ) and tubulointerstitium (TI) ( d ) in 
the various groups of rats indicate that di-
etary restriction and chronic suppression 
of GH/IGF-1 activity could reduce renal 
inflammation and possibly affect longev-
ity in these rats (see also  table 1 ).  *  p      !  0.05 
compared to wild-type AL rats.      
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  Fig. 5.  Immunohistochemical staining of 
PCNA in kidney sections prepared from a 
24- to 26-month-old wild-type (wt) AL rat 
( a ) and a hemizygote transgenic (tg) AL rat 
of similar age ( b ). Lifelong suppression of 
GH/IGF-1 activity significantly reduced 
the proliferation of resident renal cells, as 
demonstrated by fewer PCNA-stained 
cells in hemizygote transgenic AL rat kid-
neys ( b ). Original magnification !20. 
The arrows indicate PCNA-positive cells.
The average numbers of PCNA-positive 
macrophages in the glomeruli ( c ) and tu-
bulointerstitium (TI) ( d ) in the various 
groups of rats indicate that dietary restric-
tion and chronic suppression of GH/IGF-1 
activity could reduce cell proliferation in 
renal tissue.    *  p      !  0.05 compared to wild-
type AL rats.     
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lifelong suppression of the GH/IGF-1 system or caloric 
restriction elicited renoprotective effects by reducing the 
inflammatory response. 

  Renal Expression of PCNA and  � -SMA 
 The number of PCNA-positive cells was higher in the 

kidneys of 24- to 26-month-old wild-type AL rats ( fig. 5 a) 
compared with the age-matched hemizygote AL kidneys 
( fig. 5 b). The kidneys of the 24- to 26-month-old hemizy-
gote AL and CR rats contained similar numbers of these 
cells, in both glomeruli ( fig. 5 c) and tubulointerstitium 
( fig. 5 d). These results suggest that lifelong suppression of 
GH/IGF-1 activity or dietary restriction reduces cell pro-
liferation in the kidney. Furthermore, prolonged caloric 

restriction or suppression of GH/IGF-1 activity, separate-
ly or in combination, reduces phenotypic transformation 
of glomerular and tubulointerstitial cells in 24- to 26-
month-old rats; this was evidenced by the  � -SMA-posi-
tive cells in the glomeruli and tubulointerstitium of wild-
type AL rats ( fig. 6 ). It is worth mentioning that prolif-
eration and transdifferentiation of resident renal cells, in 
response to injury, can contribute significantly to devel-
oping glomerulosclerosis and tubulointerstitial fibrosis 
by producing excessive matrix proteins.

  Survival and Kidney Lesions 
 The effects of renal damage on survival in diet-re-

stricted wild-type and hemizygote transgenic rats are 
summarized in  table 3 . We found that 83% of the wild-
type AL rats showed renal damage including inflamma-
tory cell infiltration and tubulointerstitial fibrotic chang-
es. In contrast, only 26% of the hemizygote AL rats showed 
features of renal injury, and such reduced renal injury 
was associated with an 8.2% increase in survival com-
pared with wild-type AL rats. Interestingly, chronic di-
etary restriction significantly reduced the incidence of 
renal injury, and only 6.8% of the wild-type CR rats 
showed features of nephropathy, which was again associ-
ated with a 22.7% increase in survival over wild-type AL 
rats. Chronic suppression of GH/IGF-1 activity in com-
bination with dietary restriction completely suppressed 
chronic nephropathy, and the hemizygote transgenic CR 

wt-AL tg-AL

a b

  Fig. 6.  Immunohistochemical staining of  � -SMA in kidney sec-
tions prepared from a 24- to 26-month-old wild-type (wt) AL rat 
( a ) and a hemizygote transgenic (tg) AL rat of similar age ( b ). Life-
long suppression of GH/IGF-1 activity significantly reduced the 

 � -SMA-positive interstitial cells in hemizygote transgenic AL rat 
kidneys ( b ). The arrows in  a  depict the  � -SMA-positive intestinal 
cells. Original magnification                  ! 20.       

Table 3. Survival analysis and organ pathology in wild-type and 
mutant rats: note that the severity of chronic nephropathy is as-
sociated with percent survival in various genotypes

Genotype Neoplas-
tic lesions
%

Chronic
nephrop-
athy, %

Maximum
survival
weeks

Survival
over wild-
type AL
%

Wild-type AL 50 83 158 –
Hemizygote AL 73 26 171 8.2
Wild-type CR 62  6.8 194 22.7
Hemizygote CR 46  0 204 29.1
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rats survived about 30% longer than the wild-type AL 
rats. These observations clearly show that reduced renal 
pathology is associated with increased survival. As shown 
in  table 3 , there were no major differences in the rate of 
neoplastic lesions in wild-type and hemizygote transgen-
ic rats, neither in the AL nor CR group.

  Discussion 

 Maintaining water, electrolyte, and mineral balance 
and eliminating metabolic waste are the main functions 
of the kidney  [14–18] . The renal transport system is es-
sential for the physiological regulation of organic and in-
organic ion balance. Most of the chronic renal diseases, 
without therapeutic intervention, usually progress to ir-
reversible renal failure to affect survival  [19–23] . 

  The present study was conducted in long-lived, ge-
netically altered rats with suppressed GH/IGF-1 activity, 
with and without caloric restriction, to determine the ef-
fect of kidney pathology on overall survival. We found 
that the CR hemizygote transgenic rats survived 30% 
longer than the regularly fed wild-type rats despite a 
similar prevalence of neoplastic lesions (50% in wild-
type AL vs. 46% in hemizygote CR rats)  [8] . Similarly, 
nonneoplastic lesions not associated with kidney disease 
were seen in similar numbers in both groups of rats al-
lowed to die naturally (50% in wild-type AL vs. 53% in 
hemizygote CR rats). One significant finding, however, 
was that 83% of the naturally surviving wild-type AL 
rats developed kidney lesions, whereas no kidney lesions 
were seen in the naturally surviving hemizygote CR rats. 
This finding suggests that prevention of kidney pathol-
ogy by dietary restriction, combined with chronic sup-
pression of the GH/IGF-1 system, could significantly ex-
tend the life span. Our speculation is further supported 
by the observation that, in contrast to the naturally sur-
viving wild-type AL rats, the incidence of kidney lesions 
in the naturally surviving wild-type CR rats diminished 
from 83 to 6.8%. More importantly, such renoprotection 
was accompanied by a 22% increase in survival of the 
wild-type CR rats. Therefore, we conclude that extended 
longevity in wild-type CR rats is influenced by kidney 
function.

  Controlled reduction of the GH/IGF-1 activity and 
prolonged caloric restriction may produce a similar mi-
lieu to that which promotes survival in mammals  [8, 21, 
24, 25] ; however, we found that combining these experi-
mental interventions had additive effects on life span, re-
flected by the 30% increased survival in the hemizygote 

CR rats compared to an 8% increased survival in the 
hemizygote AL rats. Data on the ages at the 25th and 10th 
percentile survival points also suggested an additive ef-
fect on life span extension when long-lived heterozygote 
rats were subjected to caloric restriction. Our results are 
in accordance with earlier observations in long-lived 
Ames dwarf mice, in which pituitary GH, prolactin, and 
thyroid-stimulating hormone were nearly absent due to 
mutation of the  prop-1  gene  [26] . These animals survived 
even longer with caloric restriction  [27] , although the in-
vestigators proposed a difference in the life-prolonging 
effect between the Ames phenotype and CR animals. The 
Ames phenotype appeared to delay the onset of aging, 
while the CR animals showed a decelerated rate of aging 
 [27] .

  Interestingly, we achieved a 22.7% increase in survival 
in wild-type rats just by reducing calorie intake, suggest-
ing that several effects of caloric restriction might be 
masked to some extent in the hemizygote rats with re-
duced GH/IGF-1 activity. The survival points and hazard 
ratios for mortality also suggested that caloric restriction 
had a slightly greater effect on life span than that pro-
duced by the reduced GH/IGF-1 axis per se. Again, the 8, 
22.7, and 30% increases in survival of hemizygote AL 
rats, wild-type CR rats, and hemizygote CR rats, respec-
tively, over wild-type AL rats showed that survival is af-
fected by the presence of kidney lesions. Of relevance, 
83% of the naturally surviving wild-type AL rats showed 
kidney lesions. 

  One important issue that needs further clarification is 
why the GH/IGF-1-suppressed homozygote rats in our 
previous studies had poorer survival rates than the wild-
type rats despite the absence of kidney lesions  [2, 28] . It is 
possible that, in contrast to 50% of the wild-type AL rats, 
96.9% of the naturally surviving homozygote AL rats de-
veloped some form of neoplastic lesions, consistent with 
the notion that a severely reduced GH/IGF-1 axis could 
promote tumorigenesis. In addition, natural killer cell 
numbers and activity were reduced in homozygote rats 
 [2] , thus further promoting tumorigenesis by reducing 
immune function, and eventually affecting the overall 
survival. 

  One obvious benefit of reduced GH/IGF-1 activity or 
caloric restriction or the combination of both was reno-
protection. These genetic or dietary manipulations de-
layed or prevented the development of age-associated glo-
merulosclerosis and interstitial damage to varying de-
grees by reducing proliferative activity (as determined by 
PCNA staining) and by decreasing phenotypic cellular 
transformations (as determined by  � -SMA staining) of 
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resident renal cells. Furthermore, reduced GH/IGF-1 ac-
tivity and/or caloric restriction exerted renoprotective ef-
fects by reducing renal infiltration of inflammatory cells, 
including macrophages (as determined by ED-1 stain-
ing), resulting in delay or prevention of age-associated 
renal disease. Klotho is an anti-ageing factor and mostly 
produced in the kidney. Klotho can influence kidney 
function by influencing renal calcium and phosphate 
metabolism  [16, 29–32] . Further studies will determine 
whether klotho plays any role in renoprotection achieved 
through reduced GH/IGF-1 activity, caloric restriction, 
or the combination of both.

  We propose that tumors and kidney lesions might 
have differential effects on survival. Tumors are usually 
associated with premature death  [33] , which would, 
therefore, be reduced by modulating tumorigenesis. 
However, such an effect might not extend survival be-
yond normal life expectancy. On the other hand, once 

survival goes past that point, additional nonneoplastic 
factors might determine the extent of longevity. The pres-
ent study implicated kidney pathology as one of the most 
important nonneoplastic lesions that affect overall sur-
vival, and suggested that the prevention of kidney pathol-
ogy by dietary restriction, combined with chronic sup-
pression of the GH/IGF-1 activity, could significantly ex-
tend overall survival and longevity  [21] . Further studies 
will determine whether the results of our animal studies 
are of clinical relevance to humans, as to date, there is no 
concrete evidence that GH deficiency or caloric restric-
tion could increase the human life span.

  Acknowledgement 

 The authors thank Ms. K. Egashira for preparing the histo-
logical slides.
 

 References 

  1 Coresh J, Astor BC, Greene T, Eknoyan G, 
Levey AS: Prevalence of chronic kidney dis-
ease and decreased kidney function in the 
adult US population: Third National Health 
and Nutrition Examination Survey. Am J 
Kidney Dis 2003;   41:   1–12. 

  2 Shimokawa I, Higami Y, Utsuyama M, et al: 
Life span extension by reduction in growth 
hormone-insulin-like growth factor-1 axis 
in a transgenic rat model. Am J Pathol 2002;  
 160:   2259–2265. 

  3 Holzenberger M, Dupont J, Ducos B, et al: 
IGF-1 receptor regulates lifespan and resis-
tance to oxidative stress in mice. Nature 
2003;   421:   182–187. 

  4 Holzenberger M: The GH/IGF-I axis and 
longevity. Eur J Endocrinol 2004;   151(suppl 
1):S23–S27. 

  5 Bartke A, Chandrashekar V, Dominici F, et 
al: Insulin-like growth factor 1 (IGF-1) and 
aging: controversies and new insights. Bio-
gerontology 2003;   4:   1–8. 

  6 Carter CS, Ramsey MM, Sonntag WE: A 
critical analysis of the role of growth hor-
mone and IGF-1 in aging and lifespan. 
Trends Genet 2002;   18:   295–301. 

  7 Sonntag WE, Carter CS, Ikeno Y, et al: Adult-
onset growth hormone and insulin-like 
growth factor I deficiency reduces neoplastic 
disease, modifies age-related pathology, and 
increases life span. Endocrinology 2005;   146:  
 2920–2932. 

  8 Shimokawa I, Higami Y, Tsuchiya T, et al: 
Life span extension by reduction of the 
growth hormone-insulin-like growth factor-
1 axis: relation to caloric restriction. FASEB 
J 2003;   17:   1108–1109. 

  9 Maeda H, Gleiser CA, Masoro EJ, Murata I, 
McMahan CA, Yu BP: Nutritional influenc-
es on aging of Fischer 344 rats. II. Pathology. 
J Gerontol 1985;   40:   671–688. 

 10 Razzaque MS, Shimokawa I, Nazneen A, Hi-
gami Y, Taguchi T: Age-related nephropathy 
in the Fischer 344 rat is associated with over-
expression of collagens and collagen-bind-
ing heat shock protein 47. Cell Tissue Res 
1998;   293:   471–478. 

 11 Razzaque MS, Taguchi T: Collagen-binding 
heat shock protein (HSP) 47 expression in 
anti-thymocyte serum (ATS)-induced glo-
merulonephritis. J Pathol 1997;   183:   24–29. 

 12 Razzaque MS, Nazneen A, Taguchi T: Im-
munolocalization of collagen and collagen-
binding heat shock protein 47 in fibrotic 
lung diseases. Mod Pathol 1998;   11:   1183–
1188. 

 13 Liu D, Nazneen A, Taguchi T, Razzaque MS: 
Low-dose local kidney irradiation inhibits 
progression of experimental crescentic ne-
phritis by promoting apoptosis. Am J 
Nephrol 2008;   28:   555–568. 

 14 Razzaque MS: Can fibroblast growth factor 
23 fine-tune therapies for diseases of abnor-
mal mineral ion metabolism? Nat Clin Pract 
Endocrinol Metab 2007;   3:   788–789. 

 15 Nabeshima YI, Imura H: Alpha-Klotho: a 
regulator that integrates calcium homeosta-
sis. Am J Nephrol 2008;   28:   455–464. 

 16 Razzaque MS, Lanske B: The emerging role 
of the fibroblast growth factor-23-klotho 
axis in renal regulation of phosphate homeo-
stasis. J Endocrinol 2007;   194:   1–10. 

 17 Miyamoto K, Ito M, Tatsumi S, Kuwahata M, 
Segawa H: New aspect of renal phosphate re-
absorption: the type IIc sodium-dependent 
phosphate transporter. Am J Nephrol 2007;  
 27:   503–515. 

 18 Razzaque MS: Klotho and Na + ,K + -ATPase 
activity: solving the calcium metabolism di-
lemma? Nephrol Dial Transplant 2008;   23:  
 459–461. 

 19 Taguchi T, Razzaque MS: The collagen-spe-
cific molecular chaperone HSP47: is there a 
role in fibrosis? Trends Mol Med 2007;   13:  
 45–53. 

 20 Mendonca HM, Dos Reis MA, de Castro de 
Cintra Sesso R, Camara NO, Pacheco-Silva 
A: Renal transplantation outcomes: a com-
parative analysis between elderly and youn-
ger recipients. Clin Transplant 2007;   21:   755–
760. 

 21 Razzaque MS: Does renal ageing affect sur-
vival? Ageing Res Rev 2007;   6:   211–222. 

 22 Wedekin M, Ehrich JH, Offner G, Pape L: 
Aetiology and outcome of acute and chronic 
renal failure in infants. Nephrol Dial Trans-
plant 2008;23(in press). 

 23 Razzaque MS, Taguchi T: Cellular and mo-
lecular events leading to renal tubulointer-
stitial fibrosis. Med Electron Microsc 2002;  
 35:   68–80. 

 24 Razzaque MS, Shimokawa I, Nazneen A, et 
al: Life-long dietary restriction modulates 
the expression of collagens and collagen-
binding heat shock protein 47 in aged Fisch-
er 344 rat kidney. Histochem J 1999;   31:   123–
132. 

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f C
am

br
id

ge
14

9.
12

6.
76

.9
7 

- 
12

/2
5/

20
15

 9
:1

1:
46

 P
M



 Zha   /Taguchi   /Nazneen   /Shimokawa   /
Higami   /Razzaque   

Am J Nephrol 2008;28:755–764764

 25 Razzaque MS, Shimokawa I, Koji T, Higami 
Y, Taguchi T: Life-long caloric restriction 
suppresses age-associated Fas expression in 
the Fischer 344 rat kidney. Mol Cell Biol Res 
Commun 1999;   1:   82–85. 

 26 Sornson MW, Wu W, Dasen JS, et al: Pitu-
itary lineage determination by the Prophet of 
Pit-1 homeodomain factor defective in Ames 
dwarfism. Nature 1996;   384:   327–333. 

 27 Bartke A, Wright JC, Mattison JA, Ingram 
DK, Miller RA, Roth GS: Extending the life-
span of long-lived mice. Nature 2001;   414:  
 412. 

 28 Zha Y, Le VT, Higami Y, Shimokawa I, Tagu-
chi T, Razzaque MS: Life-long suppression of 
growth hormone-insulin-like growth factor 
I activity in genetically altered rats could 
prevent age-related renal damage. Endocri-
nology 2006;   147:   5690–5698. 

 29 Lanske B, Razzaque MS: Mineral metabo-
lism and aging: the fibroblast growth factor 
23 enigma. Curr Opin Nephrol Hypertens 
2007;   16:   311–318. 

 30 Goetz R, Beenken A, Ibrahimi OA, et al: Mo-
lecular insights into the klotho-dependent, 
endocrine mode of action of fibroblast 
growth factor 19 subfamily members. Mol 
Cell Biol 2007;   27:   3417–3428. 

 31 Lanske B, Razzaque MS: Premature aging in 
klotho mutant mice: cause or consequence? 
Ageing Res Rev 2007;   6:   73–79. 

 32 Razzaque MS, Sitara D, Taguchi T, St-Ar-
naud R, Lanske B: Premature aging-like phe-
notype in fibroblast growth factor 23 null 
mice is a vitamin D-mediated process. 
FASEB J 2006;   20:   720–722. 

 33 Nishihara M, Kanematsu T, Taguchi T, Raz-
zaque MS: PTHrP and tumorigenesis: is 
there a role in prognosis? Ann NY Acad Sci 
2007;   1117:   385–392. 

  

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f C
am

br
id

ge
14

9.
12

6.
76

.9
7 

- 
12

/2
5/

20
15

 9
:1

1:
46

 P
M


