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                RECENT studies of long-lived mutant mice, such as Ames 
and Snell dwarf mice, strongly suggest that reduced lev-

els of growth hormone (GH) and insulin-like growth factor-1 
(IGF-1) may have important antiaging effects that contribute 
to extended life span of these mice ( 1  –  4 ). Although the re-
sults of studies from Ames and Snell dwarf mice indicate 
important roles of the GH/IGF-1 axis in aging, these mice 
also show other hormonal changes in addition to reduced GH 
and IGF-1. Ames and Snell dwarf mice are defi cient in pro-
lactin (PRL) and thyroid-stimulating hormone due to the de-
velopmental arrest of the anterior pituitary ( 5  –  7 ). Because of 
these hormonal changes, results from experiments with Ames 
and Snell dwarf mice cannot rule out other potential factors 
contributing to their extended life span. To examine the exact 
role of GH/IGF-1 axis in aging, it is of interest to conduct an 
aging study using an animal model in which the primary 
endocrine change is limited only to the GH/IGF-1 axis. 

 Animals with a targeted disruption of the growth hormone 
receptor/binding protein ( GHR/BP ) gene were successfully 
generated ( 8 ). These GHR/BP knockout (KO) mice produce 
GH but cannot respond to it because of the absence of GHR. 
Consequently, the GHR/BP KO mice are GH insensitive, ex-
hibit a defi ciency of IGF-1 in peripheral circulation, and have 
retarded postnatal growth ( 8 ). Because of the lack of GH ac-
tion, the body weight of adult GHR/BP KO mice is less than 
half the weight of their wild-type (WT) littermates ( 9 ). Although 

the GHR/BP KO mice show the dwarf phenotype, the hor-
monal profi le and fertility of these mice are different from 
those of Ames and Snell dwarf mice. Plasma PRL levels are 
not suppressed and, in fact, are signifi cantly elevated ( 10 ), 
which may represent a compensatory response to the absence 
of GH signaling. Plasma levels of thyroid hormones, thyroxine 
(T4), and triiodo-thyronine (T3) are slightly but signifi cantly 
suppressed in these animals ( 11 ), presumably as a secondary 
consequence of reduced IGF-1 levels ( 12 ). Both females and 
males are fertile, although puberty is delayed and fertility is 
reduced ( 8 , 10 , 13 ). In males, the effects of exogenous luteiniz-
ing hormone – releasing hormone and luteinizing hormone 
(LH) and the release of LH and testosterone are reduced ( 10 ). 
Therefore, the GHR/BP KO mouse is valuable as a model to 
directly examine the roles of GH/IGF-1 axis in aging. 

 Coschigano and colleagues ( 14 ) examined the longevity of 
GHR/BP KO mice and their normal siblings and found that 
GHR/BP KO mice live approximately 40% – 55% longer than 
their normal siblings. The differences in the average life span 
between GHR/BP KO and normal mice ranged from 38% to 
55%, depending on gender and using only WT (+/+) or both WT 
(+/+) and heterozygous KO (+/ − ) animals as normal controls. 
These results indicate that a primary defect in the GH/IGF-1 axis 
is suffi cient to prolong life and that PRL defi ciency, infertility, 
and/or a primary defect in the function of the pituitary – thyroid 
axis are not necessary for the life-extending effect ( 14 , 15 ). 
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  Although studies of Ames and Snell dwarf mice have suggested possible important roles of the growth hormone (GH)/
insulin-like growth factor-1 (IGF-1) axis in aging and age-related diseases, the results cannot rule out the possibility of 
other hormonal changes playing an important role in the life extension exhibited by these dwarf mice. Therefore, growth 
hormone receptor/binding protein (GHR/BP) knockout (KO) mice would be valuable animals to directly assess the roles 
of somatotropic axis in aging and age-related diseases because the primary hormonal change is due to GH/IGF-1 defi -
ciency. Our pathological fi ndings showed GHR/BP KO mice to have a lower incidence and delayed occurrence of fatal 
neoplastic lesions compared with their wild-type littermates. These changes of fatal neoplasms are similar to the effects 
observed with calorie restriction and therefore could possibly be a major contributing factor to the extended life span 
observed in the GHR/BP KO mice. 
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 We previously demonstrated that Ames dwarf mice show a 
delayed occurrence of fatal neoplastic diseases compared with 
WT littermates, which could be one of the major contributing 
factors of extended life span ( 16 ). Therefore, it was of great 
interest to examine the pathological profi le of another long-
lived mutant, GHR/BP KO mice; document the age-related 
disease patterns; and examine the relation between age-related 
disease and extended life span in the mice.  

 Methods  

 Animal Maintenance 
 The mice used in this study were produced from a founder 

created by deletion and gene substitution of most of the fourth 
exon and part of the fourth intron of the  GHR/BP  gene ( 8 ). 
Their genetic background was a mix of 129Ola and BalbC. 
The GHR/BP KO mice used in this study were derived from 
mating female heterozygous (+/ − ) KO mice with male 
heterozygous KO (+/ − ). The basic operations of the animal 
colony are those previously described ( 14 ). The animals were 
maintained in a fully accredited vivarium by the Association 
for Assessment and Accreditation of Laboratory Animal Care 
at Southern Illinois University (Carbondale, IL). Food (Lab-
Diet; PMI Feeds, Inc., St Louis, MO) and tap water were pro-
vided ad libitum. A 12:12 hours light/dark cycle was used. 
Sentinel mice housed in the same room were sacrifi ced for the 
monitoring of viral antibodies (Mouse Level II Complete Anti-
body Profi le; CARB, Ectro, EDIM, GDVII, LCM, M. Ad-FL, 
M. Ad-K87, MCMV, MHV,  M. pul. , MPV, MVM, Polyoma, 
PVM, Reo, Sendai; BioReliance, Rockville, MD). Monitoring 
was repeated every 6 months. All tests were negative for viral 
antibodies tested. The animals were inspected twice daily. Date 
of death was recorded as the outcome measure when the mice 
died spontaneously. From these data, the median, mean, 10th 
percentile, and maximum survival for each group were deter-
mined. Mice found dead were removed from the cage and im-
mediately necropsied.   

 Procedures for Examination of Pathology in Mice Dying 
Spontaneously 

 All mice were inspected at least twice daily (between 07:00 
and 08:00 hours and between 15:00 and 16:00 hours). Mice that 
died spontaneously or sacrifi ced (approximately 5% of the mice) 
because of visible tumors were removed from the cage, imme-
diately necropsied under gross pathological examination, and 
preserved in Bouin’s solution. A total of 55 mice were exam-
ined: 21 GHR/BP KO mice (16 males and 5 females) and 34 
normal siblings (WT: 18 males and 16 females). Approximately 
10% of the mice had severe autolysis, for which we were unable 
to perform histopathological examination and subsequently un-
able to grade the lesions. Data were obtained from a total of 49 
mice (19 GHR/BP KO mice [15 males and 4 females] and 30 
WT [16 males and 14 females]). As there were no clear differ-
ences in major pathology observed between sexes and the sample 

size in each sex is too low for an independent effect of gender, the 
data obtained from males and females were combined. 

 After the mice were examined for gross pathological le-
sions, the following organs and tissues were excised and 
fi xed with Bouin’s solution: brain, pituitary gland, heart, 
lung, trachea, thymus, aorta, esophagus, stomach, small in-
testine, colon, liver, pancreas, spleen, kidneys, urinary blad-
der, reproductive system (male: prostate, testes, epididymis, 
seminal vesicles; female: ovaries, uterus), thyroid gland, ad-
renal glands, parathyroid glands, psoas muscle, knee joint, 
sternum, and vertebrae. Any other organ or tissue in which 
lesions were observed by gross inspection was excised. The 
fi xed tissues, which were processed conventionally, were 
embedded in paraffi n, sectioned at 5  m m, and stained with 
hematoxylin – eosin. Diagnosis of each histopathological 
change was made using histological classifi cations for 
aging mice as described by Bronson and Lipman ( 17 ).   

 Pathological Assessment 
 A list of lesions was compiled for each mouse that in-

cluded both neoplastic and nonneoplastic diseases. Based 
on these histopathological data, tumor burden, disease bur-
den, and severity of each lesion in each mouse were as-
sessed. The tumor burden was calculated as the sum of the 
different types of tumors in each mouse. For example, a 
mouse that had lymphoma and adenocarcinoma had a tu-
mor burden of 2. The disease burden was similarly calcu-
lated as the sum of the histopathological changes in a mouse. 
The severity of neoplastic and renal lesions was assessed 
using the grading system described below. 

 The percentage of tumor-bearing mice and overall incidence 
of disease were calculated for each experimental group. The 
percentage of tumor-bearing mice was calculated as the per-
centage of mice that had one or more neoplastic lesions. For 
this assessment, all neoplastic lesions were counted without 
regard to severity and thus included both incidental (not severe 
enough to be the cause or death) and those that were fatal 
(severe enough to be the cause of death). 

 Two pathologists separately examined all the samples 
without knowledge of their genotype or age.   

 Grading of Lesions 
 The severity of neoplastic lesions and glomerulonephritis 

was determined using grading systems previously described 
( 16 ). The severity of these lesions was determined because 
the high prevalence of lesions allowed for a fi ner dissection 
of the effect of the genetic manipulation. 

 Glomerulonephritis was graded in the order of increasing 
severity: Grade 0, no lesions; Grade 1, minimal change in 
glomeruli (minimal glomerulosclerosis); Grade 2, minimal 
glomerulosclerosis with a few (less than 10) casts in renal 
tubules; Grade 3, minimal glomerulosclerosis with more than 
10 casts in renal tubules; and Grade 4, glomerulosclerosis 
with interstitial fi brosis. 

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/64A/5/522/633728 by guest on 20 August 2022



 IKENO ET AL.524

 The determination for the severity of neoplastic lesions 
was based on previously reported criteria ( 16 ), that is, the 
histopathological fi ndings of tumor cell involvement as fol-
lows: Grade 1, primary site only; Grade 2, primary site and 
intraorgan or one other organ metastasis; Grade 3, metasta-
sis to two to three organs; and Grade 4, metastasis to more 
than four organs or Grade 3 + additional pathology, for ex-
ample, pleural effusion, ascites, and subcutaneous edema. 
Hydrothorax, ascites, and subcutaneous edema are com-
mon complications associated with advanced neoplastic 
disease.   

 Probable Cause of Death 
 The probable cause of death was determined indepen-

dently by the two pathologists based on the severity of the 
pathology found at necropsy. In cases with neoplastic le-
sions, mice with Grade 3 or 4 lesions were categorized as 
death by neoplastic disease. 

 In more than 90% of the cases, there was agreement by 
the two pathologists. In cases where the two pathologists 
did not agree or where disease did not appear severe enough, 
the cause of death was categorized as unknown.   

 Statistical Analysis 
 The total frequency and grade of lesions were compared 

between genotypes using a chi-square test ( 18 ). When the 
expected frequencies were too small for the chi-square test, 
the data were analyzed using the Fisher’s exact test ( 18 ). 
The Kaplan – Meier survival curves for fatal neoplastic le-
sions and adenocarcinoma were analyzed using a log-rank 
test ( 19 ).    

 Results  

 Average Life Span, Tumor-Bearing Mice, and Tumor 
Burden 

 The average life span of GHR/BP KO mice and their WT 
littermates in this study was 1,046 and 747 days, respectively. 
The average life span of GHR/BP KO mice was approxi-
mately 40% longer than their WT littermates. Because our 
previous study demonstrated that the Ames dwarf mice and 
their WT littermates have a similar overall incidence of neo-
plastic disease ( 16 ), we fi rst wanted to compare the percent-
age of tumor-bearing mice in the GHR/BP KO group and the 
WT littermates. Interestingly, the GHR/BP KO group had a 
lower percentage of tumor-bearing mice than the WT litter-
mates. Although more than 90% of the mice in WT group had 
neoplastic lesions, approximately 68% of GHR/BP KO group 
had neoplastic lesions ( Figure 1 ). Second, because aging ro-
dents tend to have several different types of tumors at death, 
we compared the number of different types of tumors (tumor 
burden) for each mouse in both groups. As the data in  Figure 
2  show, the tumor burden for the GHR/BP KO mice is sig-
nifi cantly less (47.5% less) than that of their WT littermates 
( p  = .005), suggesting that the overall tumor incidence is less 
for GHR/BP KO mice than for their WT ittermates, which is 
different from previous observations in Ames dwarf mice ( 16 ).           

 Probable Cause of Death 
 The probable causes of death for the GHR/BP KO and 

WT groups are shown in  Table 1 . Approximately 83% of 
WT littermates died from neoplastic diseases. The major, 
fatal neoplastic diseases observed in these WT mice were 
lymphoma, adenocarcinoma in lung, hepatocellular carci-
noma, and hemangioma in the liver and spleen. And the 

  

 Figure 1.        Percentage of tumor-bearing mice in GHR/BP KO group and their 
WT littermates. The percentage of mice with tumor(s) per group (the tumor-
bearing mice) is shown. GHR/BP = growth hormone receptor/binding protein; 
KO = knockout; WT = wild type.    

  

 Figure 2.        Tumor burden in GHR/BP KO mice and their WT littermates. The 
average number of different types of tumors in mice (the tumor burden) from 
each group is shown. The values for the tumor burden represent the mean  ±  
 SEM  for 19 GHR/BP KO and 30 WT mice. GHR/BP = growth hormone recep-
tor/binding protein; KO = knockout; WT = wild type. *The value was signi-
fi cantly different ( p  < .05) from that of WT mice.    
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Because adenocarcinoma of the lung is the tumor Ames 
dwarf mice showed with less severity at death, we compared 
the severity of pulmonary adenocarcinoma (both fatal and 
incidental) in the GHR/BP KO and WT mice ( Figure 4 ). We 
found the adenocarcinoma signifi cantly less severe in GHR/
BP KO mice than in their WT littermates ( p  = .0221). For 
other types of neoplasms, we generally found that the GHR/
BP KO mice tended to have less severe neoplastic lesions 
compared with the WT control, but these apparent differ-
ences were not statistically signifi cant.     

 In addition to the severity of neoplastic disease, we com-
pared the severity of nonneoplastic disease between the two 
groups. Because glomerulonephritis was the most common 
nonneoplastic lesion in these mice, we compared the sever-
ity of this lesion and found the severity of the lesions to be 
signifi cantly less in GHR/BP KO mice than in their WT lit-
termates ( Figure 5a ;  p  = .0110). Majority of GHR/BP KO 
mice had Grade 0 ( Figure 5b ) or 1 lesion, whereas many 
cases showed Grade 2 or 3 ( Figure 5c ) lesion in WT group.     

 Overall, these data indicated that GHR/BP KO mice had 
suppressed development of some neoplastic and nonneo-
plastic lesions, a fi nding that is similar to the results 
obtained in Ames dwarf mice ( 16 ).   

 Disease Burden 
 The disease burden, defi ned as the total number of histo-

pathological changes in a body, can serve as a good index 
of age-related accumulation of tissue and cell injury ( 17 ). 
 Figure 6a  shows a comparison of the disease burden be-
tween the GHR/BP KO group and their WT littermates, in-
dicating that the GHR/BP KO group had a signifi cantly lower 
( p  = .0002) disease burden than their WT littermates. When 
the disease burden of each mouse at death was compared, 
GHR/BP KO mice seemed to have slower rates of accumu-
lated histopathological changes than their WT littermates 

neoplastic diseases were usually associated with metastasis 
to the other organs or other pathological lesions, for exam-
ple, pleural effusion, ascites, hemorrhage in pleural and/or 
abdominal cavities, or severe congestion and edema in the 
lung. The GHR/BP KO mice showed a signifi cantly lower 
incidence of fatal neoplasms (49% lower;  p  = .0002) than 
their WT littermates. The incidences of fatal adenocarci-
noma of the lung and lymphoma were also signifi cantly 
lower in GHR/BP mice ( p  < .05). The major, fatal nonneo-
plastic diseases observed in these mice were glomerulone-
phritis, thrombus in heart, hydronephrosis, and acidophilic 
macrophage pneumonia. These lesions were usually associ-
ated with other pathological lesions, for example, pleural 
effusion, ascites, and/or severe congestion and edema in the 
lung. Approximately 58% of GHR/BP KO mice died from 
nonneoplastic lesions, compared with approximately 17% 
for the WT littermates, mainly due to the high incidence of 
death cases in GHR/BP KO mice (approximately 47%) with 
no obvious evidence of lethal pathological changes.       

 Age-Specifi c Distribution of Fatal Neoplasms 
 Because Ames dwarf mice showed delayed occurrences of 

fatal neoplastic lesions compared with their WT littermates 
( 16 ), we compared Kaplan – Meier survival curves for fatal 
neoplastic disease in GHR/BP KO and their WT littermates. 
We found that the occurrence patterns of the GHR/BP KO 
mice tended to shift toward an older age compared with their 
WT littermates, as shown in  Figure 3  ( p  = .0018). These data 
suggested that fatal neoplastic diseases occurred at an older 
age for GHR/BP KO mice than for their WT littermates. These 
results are similar to those found with Ames dwarf mice.       

 Severity of Diseases 
 To fi nd a possible explanation for the delayed occur-

rences of fatal neoplastic diseases in GHR/BP KO mice, we 
compared the severity of several neoplastic diseases using 
the grading system described in Methods section. Although 
GHR/BP KO mice did not have fatal pulmonary adenocar-
cinoma, three GHR/BP KO mice had incidental tumors. 

 Table 1.        Cause of Death in GHR/BP KO Mice  

  Group GHR/BP KO ( N  = 19) WT ( N  = 30)  

  Neoplasm,  n  (%) 8 (42.1)* 25 (83.3) 
     Lymphoma 3 (15.8)* 9 (30.0) 
     Adenocarcinoma 0* 6 (20.0) 
     HCC 3 (15.8) 4 (13.3) 
     Other tumors 2 6 
 Nonneoplasm,  n  (%) 11 (57.9) 5 (16.7) 
     Glomerulonephritis 1 0 
     Thrombus 1 1 
     Hydronephrosis 0 1 
     Other 9* 3  

    Notes : GHR/BP = growth hormone receptor/binding protein; HCC = hepa-
tocellular carcinoma; KO = knockout; WT = wild type.  

  * p  < .05.   
  

 Figure 3.        Mortality by neoplastic lesions in GHR/BP KO mice and their WT 
littermates. Kaplan – Meier survival curves for fatal neoplastic lesions in GHR/
BP KO mice and their WT littermates are shown. GHR/BP = growth hormone 
receptor/binding protein; KO = knockout; WT = wild type.    
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( Figure 6b ), thereby showing that GHR/BP KO mice had a 
slower rate of tissue injury during aging, which possibly 
enabled them to maintain a better health status compared 
with their WT littermates.        

 Discussion 
 The major aim of this study was to examine the patho-

logical profi le of GHR/BP KO mice to fi nd possible expla-
nations for their extended longevity. Because our previous 
report demonstrated that Ames dwarf mice show delayed 
occurrences of fatal neoplastic diseases with little change in 
the incidence of neoplastic diseases compared with their WT 
littermates ( 16 ), it is of interest to compare the pathological 
profi les of animals with primary hormonal change due to 
GH/IGF-1 defi ciency. Our results demonstrated that the 
types of pathological changes were similar for both GHR/
BP KO mice and their WT littermates in both sexes, that is, 
no extraordinary pathological changes were evident in the 
GHR/BP KO mice compared with their WT littermates. The 
major neoplastic lesions seen in GHR/BP KO mice and 
their WT littermates were lymphoma, adenocarcinoma in 
lung, hepatocellular carcinoma, and hemangioma in liver or 
spleen. The major nonneoplastic lesion found was glomeru-
lonephritis, which develops as an animal ages. The percent-
age of tumor-bearing mice (the percentage of mice having 
neoplastic lesions in each group) was 22% lower for the 
GHR/BP KO mice than for their WT littermates. Also, the 
tumor burden (the number of different tumors found in a 
mouse) was signifi cantly less (47.5% less) in GHR/BP KO 
mice compared with their WT littermates. GHR/BP KO 

mice also showed a signifi cantly lower incidence of fatal 
neoplastic lesions compared with the WT littermates. In ad-
dition to the reduced incidence of total neoplastic lesions, 
incidences of fatal lymphoma and fatal adenocarcinoma in 
lung were signifi cantly lower than in the WT littermates, 
which could indicate that tumorigenesis of lymphoma and 
pulmonary adenocarcinoma are GH/IGF-1 dependent. Thus, 
these data indicated that GHR/BP KO mice showed an over-
all suppressed occurrence of tumor development compared 
with their WT littermates. The changes found in the neoplas-
tic lesions in GHR/BP KO mice were more similar to the 
effects of calorie restriction (CR) ( 17 , 20 ) than to the results 
from studies of Ames dwarf mice, which showed little infl u-
ences on the percentage of tumor-bearing mice, tumor bur-
den, and incidence of fatal neoplasms ( 16 , 21 ). In addition to 
the suppressed occurrence of neoplastic lesions, fatal neo-
plastic disease was shown to occur later in life in GHR/BP 
KO mice, and the severity of adenocarcinoma in these mice 
was signifi cantly less compared with their WT littermates, 
indicating that the lack of GH action in GHR/BP KO mice 
seemed to delay the progression of fatal neoplastic disease. 

 GHR/BP KO mice also showed a delayed progression of 
nonneoplastic lesions. The severity of glomerulonephritis 
was signifi cantly less in GHR/BP KO mice compared with 
their WT littermates, which also indicated that the progres-
sion of glomerulonephritis in GHR/BP KO mice is delayed, 
similar to that in Ames dwarf mice ( 16 ). Furthermore, com-
pared with their WT littermates, GHR/BP KO mice showed 
a signifi cantly lower disease burden and a slower age-
related accumulation of various pathological changes, sug-
gesting that GHR/BP KO mice maintained organ and 
whole-body integrity during aging. This implication is also 
supported by evidence showing that approximately 47% of 
GHR/BP KO mice had no obvious evidence of lethal pa-
thology at death, which we commonly see in Ames and 
Snell dwarf mice ( 16 , 22 ) and CR C57BL/6 mice ( 23 ). 

 The pathological profi le of the GHR/BP KO mice in this 
study showed more similarities to the effects of CR than to 
the pathological profi le of Ames dwarf mice. Although 
Ames dwarf mice show the delayed occurrence of fatal neo-
plastic lesions, the incidence of neoplastic disease is af-
fected little in these mice, which is different from the effects 
of CR in C57BL/6J mice ( 17 , 20 ) and from the GHR/BP KO 
mice studies here. The data obtained from studies of these 
three long-lived animals may provide us with an opportu-
nity to dissect the possible common underlying anticancer 
and antiaging mechanism(s) of these animal models. 

 The common endocrine change among GHR/BP KO, 
Ames dwarf, and CR mice is suppressed levels of peripheral 
IGF-1 due to GH resistance or insensitivity (GHR/BP KO 
mice), lack of GH (Ames dwarf mice), or reduced plasma 
GH levels (CR mice, at least initially). The change in GH 
action, which is associated with reduced levels of peripheral 
IGF-1, seem to play important roles in the delayed occur-
rence of fatal neoplastic lesions as well as their retarded 

  

 Figure 4.        Severity of adenocarcinoma in GHR/BP KO mice and their WT 
littermates. The severity of adenocarcinoma was graded as follows: Grade 1, 
primary site only; Grade 2, primary site and intraorgan or one other organ me-
tastasis; Grade 3, metastasis to two to three organs; and Grade 4, metastasis to 
more than four organs or Grade 3 + additional pathology, for example, pleural 
effusion, ascites, and subcutaneous edema. The average severity of adenocarci-
noma in mice from each group is shown. GHR/BP = growth hormone receptor/
binding protein; KO = knockout; WT = wild type. *The value was signifi cantly 
different ( p  < .05) from that of WT mice.    
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somatic growth and smaller adult body size ( 7 , 8 ) because 
IGF-1 is known for its potent mitogenic and antiapoptotic 
effects ( 24 ). This idea also could be supported by some epi-
demiological studies that indicate possible correlations be-
tween plasma IGF-1 levels and some tumors ( 25 , 26 ) and 
increased incidence and mortality from cancer by GH 
treatment during childhood ( 27 ). 

 Some nonneoplastic diseases seem to be affected by 
changes in GH levels or action, as was shown by the less-
ened severity of glomerulonephritis in both the GHR/BP 
KO and the Ames dwarf mice ( 16 ). Although studies of GH 
transgenic mice, which have pathologically high levels of 
GH, showed that the early death of these animals appears to 
be related primarily to pathological changes in the kidney 
[glomerulonephritis and glomerulosclerosis ( 24 , 28 )], IGF-1 
transgenic mice did not exhibit as severe pathological 
changes as the GH transgenic mice ( 29 ), indicating the im-
portant roles of GH in kidney pathology. Evidence also sup-
ports that CR rats have reduced GH levels (at least initially) 
( 30 ) and that CR F344 rats show signifi cantly reduced se-
verity of kidney pathology compared with their ad libitum 
counterparts ( 31 ). Therefore, the reduced actions of GH/
IGF-1 axis seem to play very important roles in the delayed 
progression of various age-related diseases and reduced dis-
ease burden in the body, which could be major contributing 
factors leading to the extended life span observed in these 
animals, including the GHR/BP KO mice. 

 GHR/BP KO mice showed signifi cantly lower incidence 
of fatal neoplastic lesions compared with their WT litter-
mates. This is similar to the effects of CR in mice ( 17 , 20 , 23 ) 
but different from Ames dwarf mice, which showed similar 
incidence of fatal neoplasms compared with their WT lit-
termates ( 16 ). The reason(s) behind these interesting differ-
ences between GHR/BP KO, CR, and Ames dwarf mice 
remains to be identifi ed. One possible explanation for these 
differences could be that primary changes in three major 
hormonal systems (somatotoropic, thyrotoropic, and lacto-
toropic axis), that is, the absence of three major pituitary 
hormones, in Ames dwarf mice may cause negative effects 
that counteract the anticancer actions commonly seen in 
long-lived animals. For example, GH and PRL have been 
shown to play important roles in intrathymic T-cell differen-
tiation ( 32 ), and earlier studies show that the immune func-
tions of Ames dwarf mice are at subnormal levels ( 33 ). Snell 
dwarf mice, another long-lived dwarf mouse due to hypopi-
tuitarism, also show suppressed B-cell development ( 34 ). 
Contrary to these two dwarf mice, GHR/BP KO mice show 
increased plasma PRL levels ( 10 ), which could be a com-
pensatory mechanism because PRL and GH have some 
common actions. Thus, this elevated PRL level could play 
an important role in some of the immune functions in GHR/
BP KO mice. Because cell-mediated cytotoxicity by natural 
killer cells is known for its destructive function of cancers 
cells, possible changes in immune functions could be the 
reason for the differences observed in the incidence of 

  

 Figure 5.        Severity of glomerulonephritis in GHR/BP KO mice and their WT 
littermates. The severity of the glomerulonephritis was scored using the criteria 
as follows: Glomerulonephritis was graded in the order of increasing severity: 
Grade 0, no lesions; Grade 1, minimal change in glomeruli (minimal glomeru-
losclerosis); Grade 2, Grade 1 with a few (less than 10) casts in renal tubules; 
Grade 3, Grade 1 with more than 10 casts in renal tubules; and Grade 4, Grade 
3 with interstitial fi brosis. The average severity of glomerulonephritis in mice 
from each group is shown (a). *The value was signifi cantly different ( p  < .05) 
from that of WT mice. (b) and (c) show the histopathology of kidney in GHR/
BP KO (b: Grade 0) and WT (c: Grade 3) mice. GHR/BP = growth hormone 
receptor/binding protein; KO = knockout; WT = wild type.    
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neoplastic diseases among the three long-lived animal mod-
els. Further studies are necessary to uncover the possible 
underlying mechanisms that could explain the differences 
in pathology of these animal models. 

 We concluded the following from this study: (i) GHR/BP 
KO mice had less overall incidence of neoplastic disease; 
(ii) GHR/BP KO mice had a signifi cantly lower incidence 
of fatal neoplastic lesions, fatal lymphoma, and fatal pulmo-
nary adenocarcinoma; (iii) GHR/BP KO mice exhibited a 
delayed occurrence of fatal neoplastic diseases; (iv) GHR/
BP KO mice showed less severe lesions (both neoplastic 
and nonneoplastic) compared with their WT littermates at 
the time of death; (v) GHR/BP KO mice showed a reduced 
disease burden compared with their WT littermates at the 
time of death; and (vi) the pathological profi les of GHR/BP 

KO mice are very similar to those showing the effects of CR 
on age-related pathology. 

 We suggest that the reduced action of GH/IGF-1 axis and 
the subsequent pathophysiological changes could be a ma-
jor underlying mechanism of life extension in long-lived 
animals, including GHR/BP KO, Ames dwarf, Snell dwarf, 
and CR mice.   
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