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               AMES dwarf mice ( 1 ) are the fi rst long-lived mutant 
mammal reported ( 2 ). Male and female Ames dwarf 

mice live an average of 49% and 64% longer than control 
littermates, respectively ( 2 ). Ames dwarf mice have a 70% 
lower body weight than control mice, 1.6°C lower core 
body temperature ( 2 ), delayed onset of neoplastic lesions 
( 2 , 3 ), and youthful levels of cognitive performance and lo-
comotor activity into advanced age ( 4  –  6 ). The increased life 
span combined with the postponement of neoplasia and 
cognitive decline suggests that the increase in longevity 
arises because of retarded aging. The Ames mutation maps 
to a single nucleotide substitution in the gene  Prophet of 
Pit-1  ( Prop-1 ) ( 7 ). At embryonic days 12.5 – 13, this muta-
tion prevents the differentiation of pituitary cells that would 
normally express the homeotic factor Pit-1 that leads to 
postnatal hypoplasia of the anterior pituitary gland ( 8 , 9 ) and 
a defi ciency in thyroid-stimulating hormone, prolactin, and 
growth hormone (GH), resulting in low levels of circulating 
insulin-like growth factor 1 (IGF-1) ( 10 , 11 ). 

 Since the discovery that Ames dwarf mice have an in-
creased life span ( 2 ), investigators have sought mechanisms 
to explain this phenomenon. The oxidative stress theory of 
aging, formerly called the free radical theory of aging ( 12 ), 
proposes that resistance to oxidative stress is linked to ex-
tended life span. Studies with calorie-restricted (CR   ) mice 
( 13 , 14 ) as well as long-lived mutant  Caenorhabditis elegans  
( 15 , 16 ) and  Drosophila  ( 17 , 18 ) support this theory. Oxida-
tive stress is defi ned as an elevated concentration of reactive 
oxygen – containing molecules including but not limited to 
free radicals such as hydroxyl and superoxide ( 19 ). Organ-
isms defend against oxidative stress via antioxidant enzymes 

(such as superoxide dismutases, glutathione peroxidases, 
and catalase), small molecules that serve as direct scaven-
gers of free radicals or cofactors for antioxidant enzymes, 
turnover of oxidatively damaged macromolecules, and ulti-
mately cell cycle arrest or apoptosis. To the extent that anti-
oxidant defenses cannot keep pace with oxidative stress, 
oxidative damage accumulates with the eventual impair-
ment of physiological function. 

 In Ames dwarf mice, enzyme activity data suggest that 
the expression and activity of certain antioxidants are al-
tered. However, the direction of change is not always con-
sistent with increased resistance to oxidative stress. The 
same is true for biomarkers of oxidative damage. The stron-
gest data to support the hypothesis that Ames dwarf mice 
have increased resistance to oxidative stress come from the 
Miller laboratory. Using primary cultures of fi broblasts 
from adult dwarf mice, they showed that fi broblasts from 
dwarf mice are resistant to paraquat, H 2 O 2 , cadmium, and a 
variety of other stressors ( 20 ). However, it is unclear whether 
the sensitivity of fi broblasts accurately refl ects the sensitiv-
ity of tissues to oxidative stress in the whole animal. 

 In this study, we directly tested the sensitivity of Ames 
dwarf to oxidative stress by treating them with paraquat and 
diquat, which are inducers of oxidative stress. We also tested 
the resistance of Ames mice to dobutamine, an inducer of 
cardiac stress ( 21 ). We found that Ames dwarf mice are 
resistant to paraquat- and diquat-induced toxicity and to 
dobutamine-induced alteration in cardiac stress. Thus, the 
increase in longevity reported for Ames dwarf mice is in 
fact correlated with increased resistance to oxidative stress 
as well as other types of stress.  
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  To probe the connection between longevity and stress resistance, we compared the sensitivity of Ames long-lived dwarf 
mice and control littermates with paraquat, diquat, and dobutamine. In young adult animals, 95% of male and 39% of 
female controls died after paraquat administration, but no dwarf animals died. When the experiment was repeated at an 
older age or a higher dosage of paraquat, dwarf mice still showed greater resistance. Dwarf mice also were more resistant 
to diquat; 80% of male and 60% of female controls died compared with 40% and 20% of dwarf mice, despite greater 
sensitivity of dwarf liver to diquat. Dwarf mice were also less sensitive to dobutamine-induced cardiac stress and had 
lower levels of liver and lung F 2 -isoprostanes. This is the fi rst direct in vivo evidence that long-lived Ames dwarf mice 
have enhanced resistance to chemical insult, particularly oxidative stressors. 
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 M aterials and  M ethods   

 Animals 
 Ames heterozygous ( Prop-1  +/ −  ) mice were kindly provided 

by Dr Holly Brown-Borg (University of North Dakota). To 
establish our Ames colony,  Prop-1  +/ −   male and female mice 
were mated with each other. The offspring were  Prop-1   − / −   
(dwarf) and  Prop-1  +/ −   (control, which are phenotypically in-
distinguishable from wild type). For the calorie restriction 
experiments, male C57Bl6 (The Jackson Laboratory, Bar 
Harbor, ME   ) mice were used. All mice were fed a standard 
NIH-31 chow and maintained in microisolator cages on a 12-
hour dark/light cycle, and age-matched groups were chosen 
for the experiments reported here. All animal procedures 
were approved by the subcommittee for animal studies at the 
Audie L. Murphy Veterans Administration Hospital and the 
University of Texas Health Science Center Institutional 
Animal Care and Use Committee. For the isoprostane ex-
periment, calorie restriction was accomplished in Ames 
mice using a standard pair-feeding regimen adapted from 
McCarter and colleagues ( 22 ). Briefl y, from 6 weeks of age 
onward, the CR mice were fed 70% of the food consumed by 
age-matched mice fed ad libitum (AL) (i.e., a 30% restriction 
of food intake). The feeding of the CR mice occurred daily at 
3:00 PM. The animals were initially housed four per cage, 
and the CR group was not given mineral supplements as pre-
vious studies in mice and rats have demonstrated that multiple 
(rather than single) housing does not affect the life-extending 
effects of calorie restriction and that mineral supplementation 
is not necessary under these conditions ( 23 , 24 ).   

 Paraquat and Diquat 
 Paraquat (Sigma-Aldrich, St Louis, MO) and diquat 

(Chem Service, Westchester, NY) were stored at room tem-
perature in a desiccator, protected from light. Immediately 
before use, they were dissolved in 0.9% saline (25 mg/mL), 
the concentration was verifi ed via absorbance at 308 nm, 
and the respective compounds were injected interperitone-
ally at the dosages indicated in the fi gure legends. A Hamil-
ton syringe demarcated in 2.5- m L increments was used for 
the injection (the body weight – adjusted doses ranged from 
32.5 to 140  m L), making it possible to adjust dosage for body 
weight differences as small as 0.6 g. For tissue collection, 
the diquat-treated mice were anesthetized with ketamine/
acepromazine/xylazine cocktail. Blood was collected by car-
diac puncture and transferred to heparinized storage tubes 
for plasma isolation. The animals were then euthanized by 
cervical dislocation; livers and other organs of interest were 
immediately removed and snap-frozen in liquid nitrogen or 
preserved in 10% neutral buffered formalin for histology.   

 Short-Term Survival Monitoring 
 For survival studies of paraquat- and diquat-treated mice, 

cages were placed under an array of digital surveillance 

cameras (Strategic Vista, Ontario, Canada) attached to ge-
neric Pentium series computers running Windows XP. These 
cameras monitored the animals continuously, and the re-
corded footage was used to determine the time of death with 
a resolution of less than 1 minute. The time of injection was 
subtracted from the recorded time of death to obtain the sur-
vival time for each animal.   

 Alanine – Leucine Transaminase Activity 
 Blood collected from diquat-treated mice was stored on ice 

in lithium heparin tubes. As soon as possible after collection, 
plasma was separated from the formed elements by centrifu-
gation for 10 minutes at 1.5 kg in a centrifuge at 4°C. 
Alanine – leucine transaminase (ALT) activity in the plasma 
was measured as per manufacturer ’ s instructions using the ALT 
Colorimetric Kit from Teco Diagnostics (Anaheim, CA).   

 Apoptosis 
 Liver samples preserved in 10% neutral buffered formalin 

were paraffi n embedded, sectioned, and fi xed on slides. 
Apoptotic cells in these sections were identifi ed on the basis 
of double-strand DNA breaks using the ApopTag Kit from 
Chemicon (Temecula, CA). Cell nuclei that were both dark 
and compacted were identifi ed under a light microscope as 
apoptotic, and the number of such nuclei was exhaustively 
counted for entire liver cross sections. To ensure that no fi elds 
were repeated or skipped, a semitransparent, self-adhesive 
grid was applied to the slides and used to navigate them. The 
number of apoptotic nuclei in the entire cross section was di-
vided by the cross-sectional area (arbitrary grid units) to give 
the number of apoptotic cells per cross-sectional area of liver.   

 F 2 -Isoprostanes 
 The levels of 8-Iso-PGF 2 a   (F 2 -isoprostanes) in the liver 

were determined using gas chromatography/mass spectrom-
etry (GC/MS) as described by Roberts and Morrow ( 25 ). 
Tissue samples were homogenized in ice-cold Folch solution 
(2:1 chloroform:methanol) containing 5 mg/100 mL buty-
lated hydroxytoluene. Lipids were extracted and hydrolyzed 
with 15% KOH. After acidifi cation, the F 2 -isoprostanes were 
extracted with a C18 Sep-Pak column and a silica Sep-Pak 
column (Waters, Milford, MA). The F 2 -isoprostanes were 
converted to pentafl uororobenzyl esters and purifi ed by thin 
layer chromatography, derivatized to trimethysilyl ether de-
rivatives, and quantifi ed by GC/MS using [2H 4 ] 8-Iso-
PGF2 a     as an internal standard. The levels of F 2 -isoprostane 
in liver are expressed as nanogram per gram tissue.   

 Echocardiography and Dobutamine-Induced 
Cardiac Stress 

 For the echocardiographic studies, the mice were anes-
thetized with isofl uorane (1%) in a 100% oxygen mix, which 



  DWARF MICE ARE RESISTANT TO CHEMICAL STRESSORS 821

allowed the mice to breathe spontaneously, and the body 
temperature was maintained at 37°C using an isothermal 
pad. Electrocardiograms and heart rates were continuously 
monitored. From a transthoracic approach, two-dimensional 
targeted M-mode echocardiographic recordings were ob-
tained using the Vevo 770 High-Resolution In Vivo Imaging 
System (Visual Sonics, Toronto, Ontario, Canada), which 
provides spatial resolution to 30 m. A perpendicular view 
with respect to the left ventricular long axis    was obtained 
in order to observe the two-dimensional parasternal short 
axis. From these views, the dimensions, wall thickness, 
and volumes were measured for three cycles and averaged. 
Temporary cardiac stress was induced by administering 
dobutamine, a  b  receptor agonist that increases heart rate by 
stimulating myocyte contractility ( 26 ). Dobutamine was 
given at a dose of 1.5  m g/g body weight by intraperitoneal 
injection. Echocardiograms were recorded at baseline (pre-
injection) and 10 minutes after injection.   

 Statistics 
 All data in bar charts are expressed as mean  ±   SEM . The 

Cox – Mantel log-rank test was used to evaluate all survival 
curves. The likelihood ratio test and the Wald test were also 
performed, and in all cases, the  p  values returned agreed 
to the fi rst signifi cant digit with the log-rank test. The 
Student ’ s  t  test was used to compare ALT levels, the number 
of apoptotic cells per unit of cross-sectional area, and tissue 
isoprostane levels. When multiple comparisons were done 
on the same set of samples (in the isoprostane experiments), 
Holm ’ s method ( 27 ) was used to adjust the  p  values returned 
by the  t  test. All  p  values are expressed to the fi rst signifi cant 
digit in the graphs. Left ventricular dimensions and wall 
thicknesses were expressed as percent change between 
baseline (pre) and dobutamine injection (post) values and 
evaluated by Student ’ s  t  test. All statistical tests were per-
formed using the  R  statistical language ( 28 ).    

 R esults   

 Sensitivity of Ames Dwarf Mice to Paraquat 
 The sensitivity of Ames dwarf and control mice to para-

quat was studied because paraquat is a standard model for 
inducing oxidative stress in cells and whole animals. Para-
quat ( N , N  ′ -dimethyl-4,4 ′ -bipyridinium dichloride) is a bi-
pyridyl compound that is a relatively pure catalytic generator 
of superoxide anions ( 29 ). Paraquat is reduced by nicotin-
amide adenine dinucleotide phosphate    to its free radical 
form, immediately transferring one electron to oxygen, pro-
ducing superoxide anion, and reforming the original para-
quat cation. This reaction occurs in the cytoplasm ( 30 ), 
microsomes ( 31 , 32 ), and the mitochondria ( 33  –  35 ). 

 Using a novel video system that we developed, we 
were able to measure the postparaquat survival time of 
mice with 1-minute resolution.  Figure 1  shows the 

survival of young adult (4 – 6 months of age) male and 
female dwarf and control mice after exposure to 50-mg 
paraquat/kg body weight. None of the dwarf mice died 
from this dose of paraquat compared with 95% of the 
male ( Figure 1A ) and 39% of the female ( Figure 1B ) 
control mice. Because no dwarf mice died at this dose 
and less than 40% of the female control mice died at this 
dose, we studied the effect of a higher dose of paraquat 
(75 mg/kg) on the survival of young adult female dwarf 
and control mice. All the female control mice ( Figure 1C ) 
died from this dose within 4 days after the administration 
of paraquat; however, only 20% of the dwarf 
mice died after 5 days of administration. To determine 
whether the difference in paraquat toxicity is also ob-
served in old mice, we measured the survival of old 
(14 – 20 months of age) male dwarf and control mice after 
injection of 50-mg paraquat/kg body weight. Again, we 
observed that the old dwarf mice exhibited a signifi cant 
increase in resistance to paraquat-induced toxicity com-
pared with control mice: 50% of the dwarf mice were 
dead after 6 days compared with 98% of the control mice 
( Figure 1D ).       

  

 Figure 1.        Survival of Ames mice after paraquat exposure. Paraquat (50 mg/
kg) was administered to 40 male control mice and 30 male dwarf mice ( A ) as 
well as to 28 female control mice and 31 female dwarf mice ( B ). All mice were 
4.1 – 6.3 mo old. In ( C ), paraquat (50 mg/kg) was administered to 38 male con-
trol mice 11.9 – 17.9 mo of age and 36 male dwarf mice 14.0 – 19.9 mo of age. In 
( D ), a higher dose of paraquat (75 mg/kg) was administered to 9 control and 15 
dwarf female mice 4.1 – 6.3 mo of age. The dwarf mice are shown in solid tri-
angles, and the control littermates in open triangles. The survival of the mice 
was followed over 6 days and statistically analyzed using the log-rank test as 
described in the Experimental Procedures.    
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 Sensitivity of Ames Dwarf Mice to Diquat 
 We measured the sensitivity of mice to diquat in two 

ways. First, we measured the survival of dwarf mice after 
diquat injection; second, we measured diquat-induced hepa-
totoxicity. Diquat (1,1 ′ -ethylene-2,2 ′ -bipyridyldiylium di-
bromide) is a compound chemically similar to paraquat and 
catalyzes superoxide production in the same manner ( 36 ). 
Whereas paraquat is actively taken up by and concentrated 
in pneumocytes ( 37 , 38 ), diquat is distributed to multiple or-
gans, including but not limited to the liver ( 39  –  41 ). Thus, 
diquat can generate oxidative stress in different tissues than 
paraquat. Six days after injection of young adult (4 – 6 
months of age) male and female dwarf and control mice 
with diquat (100 mg/kg), 80% of the male and 60% of the 
female control mice had died, whereas only 40% of the male 
and 20% of the female dwarf mice had died ( Figure 2 ).     

 We also measured the sensitivity of dwarf and control 
mouse livers to diquat by assaying the activity of ALT in the 
plasma after diquat treatment ( Figure 3A ). ALT is a cyto-
plasmic liver enzyme, and its release from the liver and ap-
pearance in blood are used to measure loss of hepatocyte 
cell membrane integrity in humans and animals, that is, 
hepatoxicity ( 42 ). Surprisingly, we observed a signifi cant 
increase in ALT levels after diquat treatment in both male 
and female dwarf mice compared with their control litter-

mates, indicating that the dwarf mice experienced increased 
hepatotoxicity after diquat treatment. To confi rm the ALT 
data, we measured the induction of apoptosis by diquat treat-
ment in the livers of female dwarf and control mice. Livers 
from the dwarf mice had a 2.8-fold increase in apoptosis as 
measured by double-strand DNA breaks ( Figure 3B ). Thus, 
the data in  Figure 3  show that dwarf mice exhibited increased 
hepatotoxicity in response to diquat treatment.       

 Age-Related Levels of Lipid Peroxidation in Ames 
Dwarf Mice 

 Tissue isoprostanes have been found to increase with age 
( 43 ) and under conditions of oxidative stress in lung ( 44 ), 
plasma, liver, and kidney ( 45 ). Because these compounds 
are chemically stable, are not affected by dietary lipid con-
tent, and can be detected with precision in plasma, urine, 
and most tissues ( 25 , 44 ), they are a reliable marker for oxi-
dative damage ( 46 ). Although data on age-related accumu-
lation of F 2 -isoprostanes in the liver are available for CR 
animals ( 47 ) and as of recently, for Ames dwarf mice ( 48 ), 
there has not yet been a side-by-side comparison of both 
treatments using the same strain background. In our experi-
ment, both dwarf and control mice showed a signifi cant in-
crease (83% and 110%, respectively) in liver isoprostanes 
with age ( Figure 4A ). Both the young adult and old dwarf 
mice had signifi cantly lower liver isoprostane levels (26% 
and 15% decrease, respectively) compared with age-
matched control mice. Old CR mice had signifi cantly lower 
levels of isoprostanes (18% less) than old control mice and 
comparable levels to old dwarf mice ( Figure 4A ). Lung iso-
prostane levels showed a similar direction of age-related 
increase (23% and 29%, respectively, for dwarf and normal 
mice;  Figure 4B ), the old dwarf mice had 15% lower levels 
of lung isoprostanes than old normal mice, and old CR mice 
also had signifi cantly lower levels of lung isoprostanes than 
old normal mice (22%) but showed no signifi cant difference 

  

 Figure 2.        Survival of Ames mice after diquat exposure. Diquat (50 mg/kg) 
was administered to 24 control and 24 dwarf male mice ( A ) as well as to 23 
control and 20 dwarf female mice ( B ). All the animals were between 4.2 and 5.8 
mo of age. The dwarf mice are shown in solid triangles, and the control litter-
mates in open triangles. The survival of the mice was followed over 6 days and 
statistically analyzed using the log-rank test as described in the Experimental 
Procedures.    

  

 Figure 3.        Sensitivity of Ames mice to diquat-induced hepatotoxicity. Ames 
control and dwarf mice were treated with diquat (50 mg/kg), and 6 h after treat-
ment the mice were killed. Hepatotoxicity was measured by the increase in ala-
nine – leucine transaminase (ALT) activity in the plasma and apoptosis in the 
liver as described in the Experimental Procedures. ( A ) The mean and  SEM  ALT 
activities measured in the plasma of 10 male control mice, 11 male dwarf mice, 
8 female control mice, and 8 female dwarf mice (all animals were 12.3 – 13.9 mo 
of age). ( B ) The mean and  SEM  levels of apoptosis measured in the liver of nine 
male control mice and nine male dwarf mice (12.3 – 13.7 mo of age). In ( A ) and 
( B ), the open bars represent control mice and the solid bars represent dwarf 
mice. The mean values are displayed on the bars.    
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from old dwarf mice. Young dwarf mice had 11% lower lev-
els of lung isoprostanes, but unlike liver isoprostanes, this 
difference was not statistically signifi cant. These data indi-
cate that lifelong accumulation of isoprostanes in multiple 
tissue types is diminished in the long-lived dwarf mice and 
that the acute diquat-induced hepatotoxicity data are not 
predictive of age-related accumulation of lipid oxidation. 
Furthermore, these data show that dietary restriction in phe-
notypically normal mice on the Ames background afforded 
a degree of protection against lipid oxidation that is compa-
rable to dwarfi sm.       

 Sensitivity of Ames Dwarf Mice to Cardiac Stress 
 Dobutamine, a positive inotropic drug that increases heart 

rate and myocardial contractility, is frequently used clini-
cally to determine maximum stress response in older 

patients who cannot exercise on a treadmill. We used dobu-
tamine stress echocardiography to determine stress sensitiv-
ity of wild-type and dwarf mice to increased cardiac work. 
Because of the large disparity in gross body size and heart 
size between dwarf and control mice, the baseline dimen-
sion and wall thickness data were adjusted to tibia length 
( Table 1 ). As shown in  Table 2 , dobutamine increased con-
tractile parameters in wild-type mice, consistent with maxi-
mal inotropic stimulation ( 49 ). However, dwarf mice had a 
signifi cantly smaller increase in fractional shortening and 
systolic and diastolic wall thicknesses than wild-type mice, 
despite a similar increase in heart rate. Furthermore, the 
dwarf mice had a smaller decline in end-systolic and end-
diastolic dimensions. These data suggest that dwarf mice 
increased myocyte contractility in response to increased 
inotropic stimulus to a lesser degree than wild-type mice, 
that is, they appear to be more resistant to dobutamine-in-
duced cardiac stress.            

 D iscussion  
 Hypomorphic alleles of the  age-1  ( 50 , 51 ) and  daf-2  ( 52 ) 

genes can extend the life span of nematodes by 50% –
 100%. These mutants are also resistant to a number of 
stressors including ultraviolet (UV) ( 53 ), H 2 O 2  ( 15 ), heavy 
metals ( 54 ), heat ( 55 , 56 ), paraquat ( 16 ), and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine    ( 57 ).  Age-1  and  daf-2  

  

 Figure 4.        Changes in hepatic isoprostane levels with age, genotype, and calo-
rie restriction. Isoprostane levels were measured in lungs ( A ) and livers ( B ) 
collected from control mice (open bars,  n  = 5 young and 11 old), control old mice 
fed a CR diet (stippled bars,  n  = 4 mice), and dwarf mice (solid bars,  n  = 5 young 
and 9 old) as described in the Methods. Each bar represents the mean and  SEM  
for mice of the young (6 – 8 mo of age) and old (19 – 33 mo of age) groups. The 
data were statistically analyzed using the Student ’ s  t  test (with Holm ’ s correction) 
as described in the Methods, and  p  values are shown for signifi cant differences.    

 Table 1.        Baseline Echocardiographic Parameters in Wild-Type and 
Ames Dwarf Mice  

  Wild Type ( N  = 7) Dwarf ( N  = 8)  

  Age (mo) 11.9  ±  0.2 11.8  ±  0.1 
 Heart rate (beats/min) 420  ±  5 385  ±  16 
 Tibia (mm) 16.6  ±  0.3 12.2  ±  0.7* 
 End-diastolic dimensions/tibia (mm/mm) 0.25  ±  0.01 0.26  ±  0.02 
 End-systolic dimensions/tibia (mm/mm) 0.16  ±  0.01 0.17  ±  0.01 
 Fractional shortening (%) 36  ±  2 35  ±  2 
 Diastolic wall thickness/tibia (mm/mm) 0.054  ±  0.002 0.045  ±  0.005 
 Systolic wall thickness/tibia (mm/mm) 0.078  ±  0.004 0.068  ±  0.006  

    Note : Physiological parameters of cardiac function were measured in eight 
wild-type and seven Ames dwarf mice. Data are shown as  M   ±   SEM . * p  < .05 vs 
wild type.   

 Table 2.        Dobutamine Response in Wild-Type and Ames Dwarf Mice  

  
Wild Type 

(% change;  N  = 7)
Dwarf 

(% change;  N  = 8)  

  Heart rate 24  ±  4 23  ±  5 
 End-diastolic dimensions  − 14  ±  3  − 4  ±  1* 
 End-systolic dimensions  − 40  ±  4  − 15  ±  4* 
 Fractional shortening 57  ±  9 23  ±  9* 
 Diastolic wall thickness 26  ±  6 4  ±  4* 
 Systolic wall thickness 33  ±  5 10  ±  6*  

    Note : Physiological parameters of cardiac function were measured in eight 
wild-type and seven Ames dwarf mice at 10 – 11 mo of age. The percent change 
from the resting baseline state was calculated as (postinjection  −  preinjection/
preinjection) × 100 and is shown as  M   ±   SEM . * p  < .05 vs wild type.   
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are nematode orthologs of the mammalian insulin and 
IGF-1 receptors, and in recent years a number of long-
lived mouse mutants have been developed with various 
impairments in IGF-1 signaling ( 58  –  60 ), among them, 
Ames dwarf mice. ( 10 , 11 ). Mice that are long lived due to 
calorie restriction also have suppressed somatotropic sig-
naling, for example, reduced plasma levels of GH ( 61 ), 
IGF-1 ( 62 , 63 ), and insulin ( 64 ). 

 Currently, researchers are studying whether these various 
long-lived mouse models are also resistant to oxidative stress 
like the long-lived nematodes. It has been accepted that both 
rats and mice on a CR diet accumulate less oxidative damage 
and have increased resistance to oxidative stress ( 65 ). In con-
trast to calorie restriction, it is not obvious that Ames dwarf 
mice show increased resistance to oxidative stress. Although 
it appears that some components of the antioxidant defense 
system are enhanced in Ames dwarf mice in some tissues 
( 66  –  68 ), other components are reduced ( 66 , 69 , 70 ). Markers 
of oxidative damage to proteins, nucleic acids, and lipids 
have also been measured and were found to be decreased, 
unchanged, or even elevated depending on the tissue being 
examined ( 71 , 72 ). The most direct and strongest line of evi-
dence that Ames dwarf mice show increased resistance to 
oxidative stress is that cultured tail skin fi broblasts from 
Ames dwarf mice (and from Snell dwarf mice) are resistant 
to a wide variety of stressors ( 20 , 73 ). In these studies, cells 
from Ames dwarf mice were signifi cantly more resistant than 
those from normal controls to UV irradiation, H 2 O 2 , cad-
mium, and, in the case of Snell dwarf mice, paraquat. How-
ever, it is uncertain whether the increased resistance of 
fi broblasts to stress translates to whole animals because the 
type and degree of oxidative stress applied in cell cultures 
may not be physiologically relevant. Currently there are no 
published data on the in vivo sensitivity of Ames dwarf to 
oxidative stress resistance. 

 The sensitivity of Ames dwarf and control mice to paraquat 
was studied because paraquat is a standard model for inducing 
oxidative stress in cells and whole animals due to its ability to 
catalyze production of superoxide anions within the cell ( 29 ). 
Our data demonstrate that Ames dwarf mice, both males and 
females, were much more resistant to paraquat than were nor-
mal littermates, and this resistance to paraquat toxicity was 
maintained with age in the Ames dwarf mice. Paraquat is ac-
tively taken up by the lung pneumocytes ( 37 , 38 ), causing 
death due to pulmonary edema or, after a longer period, pul-
monary fi brosis. Therefore, the differences in sensitivity to 
oxidative stress generated by paraquat could be specifi c to 
lung, especially because it has been found that the age-related 
onset of lung adenocarcinoma is delayed in Ames dwarf mice 
( 3 ). To establish that the Ames dwarf mice show in vivo resis-
tance to oxidative stress, we went on to test the sensitivity of 
Ames dwarf mice to diquat. Diquat, which also generates su-
peroxide anions, affects a variety of organs (other than lung) 
including liver ( 74 ), kidney ( 75 ), gall bladder ( 39 ), and the 
gastrointestinal tract ( 39 ). We observed that the Ames dwarf 

mice were also more resistant to diquat toxicity than control 
mice, as measured by overall survival after a lethal dose. Thus, 
our whole animal data show that Ames dwarf mice showed 
increased resistance to toxicity generated by superoxide an-
ions, in agreement with the cultured fi broblast data of Salmon 
and colleagues ( 20 ). In all experiments, we adjusted paraquat 
and diquat dosage to body weight. Therefore, it could be ar-
gued that if the size of liver and kidneys in dwarf mice is larger 
in proportion to body weight, we could have administered an 
insuffi cient dose to the dwarf mice. We found that most inter-
nal organs other than brain of dwarf mice in fact trend toward 
being smaller relative to body weight. This trend attained sig-
nifi cance in young female mice (6 – 8 months old) for liver 
(18% smaller than control), kidneys (19% smaller than con-
trol), spleen (63% smaller than control), and brain (68% larger 
than control; data not shown). Therefore, if organ size had any 
bearing on the ability to excrete or metabolize paraquat and 
diquat, the enhanced survival of female dwarf mice may actu-
ally be underreported. However, we do not completely dis-
count the possibility that altered metabolism of toxins also 
contributes to the enhanced survival of dwarf mice because 
the expression of some genes involved in xenobiotic metabo-
lism is altered in Ames dwarf mice ( 76 , 77 ). Indeed, clearance 
of toxins may itself be a physiologically important mechanism 
for withstanding oxidative stress that merits further study. We 
have performed time course experiments comparing plasma 
paraquat levels in dwarf and control mice and have not found 
any signifi cant difference at any time point between 0.5 and 
12 hours (data not shown). 

 One surprising result from our study was that even 
though the Ames dwarf mice showed increased resistance 
to diquat at the whole animal level, their livers appeared to 
sustain greater diquat-induced damage than those of nor-
mal littermates. These data illustrate that the same animal 
model can show tissue differences in sensitivity to oxida-
tive stress, underscoring the importance of studying a vari-
ety of stressors in multiple tissues when assessing the in 
vivo sensitivity of animal models to oxidative stress. Previ-
ous studies also indicate that the liver of Ames dwarf mice 
might be more vulnerable to stress. For example, cultured 
hepatocytes from Ames mice have lower levels of catalase 
activity ( 69 ), and Harper and colleagues ( 78 ) found that the 
livers of Ames dwarf mice are more sensitive to acetamina-
phen in vivo. Acetaminophen in large doses causes liver 
damage via oxidative stress ( 79 ). Kennedy and colleagues 
( 80 ) observed elevated basal levels of Procaspase-3 and 
Bcl-2 in cultured hepatocytes from Ames dwarf mice com-
pared with control mice and increased levels of H 2 O 2 -
induced caspase-3 induction. Thus, the liver of Ames dwarf 
mice may be particularly vulnerable to a bolus of oxidative 
stress. However, we observed that the livers of young and 
old Ames dwarf mice showed a signifi cant reduction in F 2 -
isoprostane levels, suggesting that the liver of Ames dwarf 
mice is more resistant to endogenous levels of oxidative 
stress. 
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 We also compared F 2 -isoprostane levels in old, normal 
CR mice on the Ames background with those of age-
matched Ames dwarf and normal mice fed AL. The levels 
F 2 -isoprostane in livers and lungs of old, Ames normal CR 
mice were similar to Ames dwarf mice fed AL and were 
signifi cantly lower than those of old, normal AL mice. In 
other words, it appears that old Ames normal CR and Ames 
dwarf AL mice showed similar resistance to endogenous 
levels of oxidative stress. 

 Because we observed that the liver of the Ames dwarf 
mice was more sensitive to diquat, we were interested in 
studying the sensitivity of other tissues from Ames dwarf 
mice to stress. Dobutamine is a stressor that simulates 
physical exertion by increasing heart rate, which de-
creases ventricular dimensions and increases in wall 
thickness. As a result, dobutamine alters both preload and 
after load ( 81 ). The dwarf mice resisted the stress chal-
lenge, despite an increase in heart rates, indicating that 
less of a departure from baseline wall thickness and ven-
tricular volumes occurred for an equal stimulus. These 
data suggest an increased functional capacity in the Ames 
dwarf heart. In contrast, old mice ( 82 ) and mice that have 
had myocardial infarction ( 26 ) have a diminished re-
sponse to dobutamine as measured by increased baseline 
dimensions and a decrease in the maximal rate of change 
in left ventricular pressure. The pattern of resistance to 
dobutamine stress that we observed in Ames is consistent 
with previous published results in the  Ghrhr  − / −    (Little) 
mice, which also have a lower response to dobutamine 
compared with wild-type mice at young and old ages ( 82 ). 
Interestingly, these parameters remain constant with age 
in the  Ghrhr  − / −    mice and decline in wild-type mice, sug-
gesting a preservation of cardiac function with age in the 
 Ghrhr  − / −    mice. Furthermore, caloric restriction reverses 
age-dependent declines in the ratio of early diastolic fi ll-
ing to atrial fi lling and reduces the fraction of ventricular 
fi lling due to atrial systole ( 83 ). Combined, these studies 
demonstrate that long-lived mouse models display in-
creased cardiac resistance to inotropic stress and show 
improved cardiac aging. 

 CR mice have been reported to have an enhanced resis-
tance to oxidative stress, for example, reduced levels of 
oxidative damage [reviewed in Bokov and colleagues ( 65 )] 
as well as sensitivity to oxidative stress, such as paraquat 
( 13 , 14 ). We have confi rmed these observations in C57BL/6 
mice (Supplement 1). However, unlike Ames dwarf mice, 
CR C57BL/6 mice have reduced levels of ALT and fewer 
apoptotic cells after diquat exposure compared with AL 
controls. It should be noted, however, that due to differing 
strain backgrounds, caution should be used in comparing 
the oxidative stress sensitivity data from C57BL/6 mice and 
the Ames mice presented here. 

 Gamma radiation is a nonchemical source of oxidative 
stress ( 84 ), and some mutant mice defi cient in antioxidant 
enzymes are more sensitive to gamma radiation than wild-

type littermates ( 85 , 86 ). However, we found no difference 
in survival between dwarf mice and normal littermates of 
either sex after exposure to 11 Gy of gamma radiation (Sup-
plement 2). This may be due to dwarf mice not being pro-
tected against direct macromolecular effects of gamma 
radiation (e.g., chromosome breakage). It is also possible 
that a difference was masked by the relatively high dose of 
radiation used; however, the dose used was chosen because 
the mutant group in this case was expected to have longer 
rather than shorter survival times as was the case for the 
earlier studies at our institution ( 85 , 86 ). 

 In conclusion, we fi nd that Ames dwarf mice have in-
creased resistance to the oxidative stressors, paraquat, and 
diquat. In fact, Ames dwarf mice were more resistant to 
oxidative stress induced by paraquat than CR mice, and 
these data are in agreement with the oxidative stress theory 
of aging. However, the organ and tissue sensitivity of Ames 
dwarf mice to oxidative stress may vary as shown by the 
increased sensitivity of liver from Ames dwarf mice to 
diquat-induced hepatotoxicity. Further experiments eluci-
dating tissue-by-tissue differences in resistance to oxidative 
damage are likely to yield important insights into the inter-
relation of the somatotropic axis, aging, and oxidative 
stress.   
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