
  Journal of Gerontology: BIOLOGICAL SCIENCES  © The Author 2009. Published by Oxford University Press on behalf of The Gerontological Society of America.
Cite journal as: J Gerontol A Biol Sci Med Sci All rights reserved. For permissions, please e-mail: journals.permissions@oxfordjournals.org. 
 2010 Vol. 65A, No. 1, 14–23 Advance Access published on October 30, 2009
doi:10.1093/gerona/glp165 

14

                TWO broad types of interventions have the capacity to 
modulate life span. The fi rst type relies on modifi cations 

of high-level signaling pathways that affect multiple targets. 
The second type is aimed at altering these targets directly, 
thus bypassing the cellular- or organism-level signaling cir-
cuits. The most striking examples of the fi rst category of life 
span – modulating changes are provided by hypomorphic or 
null mutations in the insulin/insulin-like signaling pathway of 
 Caenorhabditis elegans  ( 1 ), which can lead to up to a 10-fold 
extension of life span ( 2 ). In the mouse, several spontaneous 
and introduced mutations that directly affect components of 
the insulin growth factor (IGF) signaling pathway or that de-
crease IGF secretion, including the mutations present in dwarf 
mice, also extend life span ( 3 ), establishing IGF signaling as 
an important aspect of mammalian aging. The targets of IGF 
signaling include stress response, repair, and detoxifi cation-
related genes, consistent with the fi nding that stress resistance 
and longevity are often highly correlated ( 2 , 4  –  7 ) and that 
Ames dwarf mice show an increased resistance to oxidative 
stress ( 8 ). Another near-universal life-prolonging interven-
tion is caloric restriction ( 9 , 10 ). The mechanism of its effect 
on aging remains unknown, in spite of multiple theories that 
have been advanced. In fact, different types of caloric/dietary 
restriction act via distinct mechanisms ( 11 ). Nonetheless, at 
least some dietary restriction regimens appear to involve ele-
vated stress resistance ( 12 ). TOR (Target of Rapamycin)   sig-
naling may explain certain aspects of caloric restriction ( 13 ), 
and it is at the center of the hypertrophy/metabolic hyperac-
tivity theory of aging ( 14 ). 

 The second broad class of experimental interventions 
able to modulate life span directly targets the metabolic pro-

cesses that, in normal physiology, are regulated by the high-
level signaling pathways discussed in the preceding 
paragraph. These processes, and their associated enzymes, 
include antioxidant defenses ( 15 ), other detoxifi cation reac-
tions ( 16 ), DNA ( 17 , 18 ), and, to a lesser extent, protein re-
pair mechanisms ( 19 ), regulation of protein synthesis ( 20 ), 
degradation ( 21 ), and organellar autophagy ( 22 ), heat shock 
factors ( 23 ), modulation of membrane lipid unsaturation 
( 24 , 25 ), and others. Experimental alteration of any of these 
metabolic reactions is expected to exert a smaller effect on 
life span than changes to high-level signaling but may also 
carry a lighter burden of side effects. For this reason, we 
have previously investigated in  C .  elegans  the longevity ef-
fects of a particular type of detoxifi cation enzymes that act 
on lipid-derived electrophiles ( 6 , 26 , 27 ). In the present com-
munication, we sought to extend these studies to a mam-
malian system. We expected that disruption of  mGsta4 , a 
murine gene encoding a major antielectrophilic enzyme, 
will parallel the effect of a similar intervention in  C. elegans  
and curtail the life span of the knockout mice. Surprisingly, 
the opposite was true. In the present article, we report this 
observation and provide a possible explanation for this un-
expected effect.  

 M ethods   

 Animals 
 The methods used to disrupt the  mGsta4  gene were de-

scribed previously ( 28 ). The resulting  mGsta4 -null mice in 
the 129/sv genetic background were outcrossed to C57BL/6 
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animals for 10 generations. The resulting  mGsta4 -null mice 
in the C57BL/6 background were used for all experiments 
described in this article, unless otherwise indicated. The 
work was performed in accordance with a protocol approved 
by the Institutional Animal Care and Use Committee.   

 Life Span Determination 
 Progeny resulting from matings of mice heterozygous with 

respect to the  mGsta4  gene (+/ −  animals) was genotyped as 
described in the following section. Females of the  − / −  and +/+ 
genotypes were identifi ed and were entered into the life span 
study until each group reached 50 animals. The study was 
fully populated with littermates over a span of 4 months. Mice 
were initially maintained at four animals per cage and were 
not combined as their numbers decreased during the course of 
the study. The animals had free access to water and to Harlan 
Teklad LM-485 Mouse/Rat Sterilizable Diet and were main-
tained on a 12-hour dark/12-hour light cycle. Mice were ex-
amined, and deaths were recorded daily. Because of this 
frequency of recording, and because no animals were removed 
from the study or lost to obvious infections or other accidents, 
neither left censoring nor right censoring was necessary.   

 Genotyping for the  mGsta4  Gene 
 Multiplex polymerase chain reaction (PCR) genotyping 

on tail biopsy samples was carried out using the Extract-N-
Amp Tissue PCR Kit (Sigma, St Louis, MO). The sense-
strand primer was 5 ′  -tccaatacacaaaaatgcatga, common to 

both amplicons, and the antisense primers were 5 ′  -
gatggccctggtctgtgtcagc (specifi c for the wild-type  mGsta4  
allele) and 5 ′  -ctgtccatctgcacgagactagtg (derived from the 
 neo  cassette and thus specifi c for the disrupted  mGsta4  al-
lele). PCR was continued for 33 cycles using an annealing 
temperature of 56°C. A product of 284 bp was diagnostic 
for the wild-type allele and a product of 543 bp for the 
disrupted  mGsta4  allele.   

 Determination of Transcript Levels by Reverse 
Transcription Real-Time Polymerase Chain Reaction 

 Total RNA was isolated from mouse tissues by the 
guanidinium thiocyanate method (TRI Reagent; Molecu-
lar Research Center, Cincinnati, OH) ( 29 ). Complemen-
tary DNA was prepared with the QuantiTect Reverse 
Transcription Kit (Qiagen, Valencia, CA) according to the 
manufacturer ’ s directions using the supplied mixture of 
oligo-dT and random primers. Reverse    transcription real-
time polymerase chain reaction (RT-qPCR) amplifi cation 
reactions were performed on a DNA Engine Opticon 2 
Detection System (MJ Research, Waltham, MA) with the 
FastStart SYBR Green Master mix (Roche Diagnostics, 
Indianapolis, IN) in a total volume of 20  m L containing 0.3 
 m M gene-specifi c primers. The primers are listed in  Table 1 . 
The cycling protocol was initial denaturation at 95°C for 
10 minutes, followed by 40 cycles of 95°C for 15 seconds, 
61°C for 30 seconds, and 72°C for 30 seconds. The ribo-
somal protein S3 ( Rps3 ) transcript was used as a reference 
for normalization.       

 Table 1.        Primers Used for Reverse Transcription Real-Time Polymerase Chain Reaction Determination of Transcript Levels  

  Transcript Forward Primer (5 ′    →  3 ′  ) Reverse Primer (5 ′    →  3 ′  ) Amplicon (bp) PrimerBank ID  

   Cat ttgccgttcggttctccac gaaaataggggtgttgtttccca 134 6753272a3 
  Sod1 aaccagttgtgttgtcaggac ccaccatgtttcttagagtgagg 139 12805215a1 
  Sod2 acaaacctgagccctaagggt gaaccttggactcccacagac 128 31980762a3 
  Prdx6 cgccagagtttgccaagag tccgtgggtgtttcaccattg 115 6671549a1 
  Gpx1 ccgtgcaatcagttcggaca tcacttcgcacttctcaaacaat 124 6680075a3 
  Gpx4 tctgtgtaaatggggacgatg acgcagccgttcttatcaat 130  
  Txnrd1 gcagtactgagtggcgtt tgtgagggagcctcgtg 107  
  Gclc cgatgtctgagttcaacactgt ggaatgaagtgatggtgcagag 105 33468897a3 
  Gclm aggagcttcgggactgtatcc gggacatggtgcattccaaaa 105 6680019a1 
  Gsta1+2 tattatgtcccccagaccaaaga cctgttgcccacaaggtagtc 128 7110611a3 
  Gsta3 aaaccaggaaccgttacttccc ttcaaccagggcaatatcagc 107 31981724a3 
  Gstm1 agcaccacctggatggag agtcagggttgtaacagagcat 111  
  Aor aggagggcgacaggatgat ccaacctaataaagccgctaca 101 13385466a2 
  Akr1b3 tgcggtgaaccagatcgag ccaaggggactatatgctgtca 102 31981909a3 
  Akr1b7 ccaatactgtcaatccaagggc aatctccattactacggggtctt 103 6753148a3 
  Akr1b8 agggcatctctgtcactgc gctgaggttttctcgtgcttg 130 6679791a2 
  Rps3 ttacaccaaccaggacagaaatc tggacaactgcggtcaactc 100 6755372a2  

    Notes:  Primer sequences were from PrimerBank ( 30 ) (  http :// pga . mgh . harvard . edu / primerbank  ) except for primer sets for  Gstm1 ,  Txnrd1  and  Gpx4 , which were 
designed by us. The gene names are  Cat  = catalase;  Sod1  = superoxide dismutase 1;  Sod2  = superoxide dismutase 2;  Prdx2  = peroxiredoxin 6;  Gpx1  = glutathione 
peroxidase 1;  Gpx4  = glutathione peroxidase 4 (mitochondrial phospholipid hydroperoxide glutathione peroxidase  Phgpx );  Txnrd1  = thioredoxin reductase 1 (the 
primer set recognizes the four known splice variants NM_001042523, NM_001042513, NM_015762, and NM_001042514);  Gclc  = glutamate – cysteine ligase, cata-
lytic subunit;  Gclm  = glutamate – cysteine ligase, modifi er subunit;  Gsta1  and  Gsta2  = glutathione transferase A1 and A2, respectively (complementary DNA derived 
from both genes is recognized by the primer set);  Gsta3  = glutathione transferase A3;  Gstm1  = glutathione transferase M1;  Aor  = alkenal/one oxidoreductase (also 
known as prostaglandin reductase  Ptgr1  or leukotriene B4 12-hydroxydehydrogenase  Ltb4dh ) ( 31  –  33 );  Akr1b3  = aldo-keto reductase family 1, member B3;  Akr1b7  = 
aldo-keto reductase family 1, member B7;  Akr1b8  = aldo-keto reductase family 1, member B8;  Rps3  = ribosomal protein S3.   
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 Quantitation of Nrf2 
 Livers and skeletal muscle, harvested from 16-week-old 

female wild-type and  mGsta4 -null mice, were quick-frozen 
to liquid nitrogen temperature using Wollenberger tongs 
( 34 ) and stored at  − 75°C until use. The level of active nu-
clear Nrf2 protein was determined by ELISA using the 
TransAM Nrf2 Kit (Active Motif, Carlsbad, CA) according 
to the manufacturer ’ s recommendations. Briefl y, nuclei 
were prepared and tested for contamination with cytosolic 
proteins by Western blotting for actin using a monoclonal 
antibody against the C-terminus of actin (catalog number 
sc-8432; Santa Cruz Biotechnology, Santa Cruz, CA). 
Within the detection limits of the method, no cytosolic con-
tamination was found in nuclei prepared from liver or skel-
etal muscle (data not shown). Nuclear extracts (10  m g 
protein) were added to wells coated with an oligonucleotide 
containing the antioxidant response element (ARE) consen-
sus sequence. DNA-bound Nrf2 was recognized by subse-
quently added anti-Nrf2 primary antibody. Detection and 
quantitation was achieved using a secondary antibody con-
jugated with horseradish peroxidase. Specifi city of the reac-
tion was ascertained by competition with ARE-containing 
or mutated oligonucleotides supplied with the TransAM 
Nrf2 Kit.   

 Statistics 
 Survival curves were compared by the log-rank and the 

Gehan – Wilcoxon tests, as implemented in the NCSS soft-
ware package (Number Cruncher Statistical Systems, 
Kaysville, UT,   www . ncss . com  ). Both the chi-square and the 
randomization variants of the tests were employed; the ran-
domization variant used 100,000 Monte Carlo samples of 
the data. Maximum likelihood estimates of Gompertz sur-
vival parameters ( 35 ) were obtained using WinModest soft-
ware ( 36 , 37 ). Signifi cance of differences in transcript levels 
was evaluated by the  t  test carried out on C t  (threshold cycle 
number) values that were obtained by RT-qPCR on groups 
of 3 – 5 mice per group and were normalized to the level of 
ribosomal protein S3 ( Rps3 ) transcript.    

 R esults and  D iscussion  
 We have previously demonstrated that disruption of 4-hy-

droxynonenal (4-HNE) – conjugating enzymes in  C. elegans  
curtailed life span, whereas overexpression of enzymes ca-
pable of 4-HNE disposal extended life ( 6 , 26 , 27 ). By anal-
ogy, we expected that  mGsta4 -null mice will have a shorter 
life span than wild-type mice. Survival analysis was carried 
out on mice in the C57BL/6 genetic background because 
this strain is relatively long lived and has variable causes of 
death but a low tumor incidence ( 38  –  40 ), characteristics 
that are attractive for aging studies. Against our expecta-
tions, the median life span of C57BL/6  mGsta4 -null ani-
mals was longer by approximately 100 days than that of 
matched wild-type controls ( Figure 1 ; summary statistics 

 Table 2.        Descriptive Survival Statistics of Wild-Type and  mGsta4 -
Null Mice  

  
Wild 

Type (d)
 mGsta4  
Null (d)

Change in  mGsta4  
Null vs Wild 

Type (%)  

  Mean survival time 
     Experimental data ( M   ±   SE ) 727  ±  31 820  ±  23 13 
     Gompertz fi tting 730 822 13 
 Median survival time 
     Experimental data 735 836 14 
     Gompertz fi tting 761 847 11 
 10% mortality 
     Experimental data 384 622 62 
     Gompertz fi tting 456 621 36 
 90% mortality 
     Experimental data 952 996 5 
     Gompertz fi tting 959 990 3 
 Maximal life span 1049 1043  − 1  

    Notes:  Life span measurements were carried out on groups of 50 mice per 
genotype. Survival statistics are shown both for the original experimental data 
and for a fi tted Gompertz curve using Gompertz parameters from  Table 3 . 
 “ Maximal life span ”  denotes the age at death of the last animal in the cohort.   

are provided in  Table 2 ). The difference in survival was even 
greater initially (i.e., at 5% – 15% mortality) but declined 
thereafter; the two groups were very similar or identical in 
maximal life span ( Figure 1  and  Table 2 ).         

 Several statistical tests are available for comparison of 
survival curves. The log-rank test is used most frequently. 
This test has maximum power when the ratio of hazards of 
the two groups to be compared is constant over time (pro-
portional hazards assumption). The log-rank test can toler-
ate moderate but not severe violation of the proportional 
hazards assumption ( 41 , 42 ). Inspection of the survival 
curves of  Figure 1  indicates that the proportional hazards 
assumption may not hold as the  mGsta4 -null animals have 
low initial mortality followed by a steeper drop later in life, 

  

 Figure 1.        Kaplan – Meier    survival plots of female wild-type C57BL/6 mice 
(solid line labeled  “ wild-type ” ) and female  mGsta4 -null mice in C57BL/6 ge-
netic background (solid line labeled  “ mGsta4 null ” ). The dashed lines corre-
spond to the Gompertz models of the data, plotted using Gompertz parameters 
estimated by the maximum likelihood method (see  Table 3 ). Fifty animals per 
group were used.    
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resulting in an early separation of the survival curves but an 
identical maximal life span, as noted previously. When the 
proportional hazards assumption does not apply, Gehan ’ s 
generalized Wilcoxon test has been found to be more robust 
( 41 ). Compared to the log-rank test, the Gehan – Wilcoxon 
test is more sensitive to differences between groups that oc-
cur at early time points of the life span ( 43 ). Even though 
the log-rank test may not be appropriate in our case because 
of the violation of the proportional hazards assumptions, its 
results are shown in  Table 3  because of the familiarity of 
this test and its extensive use in the literature. The log-rank 
 p  value does not reach the customary threshold of .05; the 
relatively high  p  value refl ects the convergence of the two 
survival curves toward the end of the life span. However, the 
observed  p  = .1 means that a separation of the survival 
curves equal to or greater than that shown in  Figure 1  would 
occur by chance in only 1 in 10 life span determinations if 
there were no real longevity differences between the two 
populations of mice. Moreover, when tested by the Gehan –
 Wilcoxon procedure that is more appropriate for the data of 
 Figure 1 , the survival curves of wild-type and  mGsta4 -null 
mice were different at  p  = .018.     

 As determined by a maximum likelihood test (imple-
mented in WinModest software;  36 , 37 ), of the models tested 
(Gompertz, Gompertz – Makeham, logistic, and logistic-
Makeham), the Gompertz model best describes the data 

 Table 3.        Analysis of Survival Curves of Wild-Type and 
 mGsta4 -Null Mice  

  Wild Type  mGsta4  Null  

  Gehan – Wilcoxon test for 
 survival curves 
     Chi-square  p  = .01 
     Randomization  p  = .018 
 Log-rank test for 
 survival curves 
     Chi-square  p  = .096 
     Randomization  p  = .102 
 Gompertz parameter A 
 (95% confi dence interval)

4.36 × 10  − 5  
(1.47 – 12.99) × 10  − 5 

 0.49 × 10  − 5  
 (0.10 – 2.41) × 10  − 5  

 Likelihood ratio test 
 for parameter A

 p  = .020 

 Gompertz parameter G 
 (95% confi dence interval)

6.01 × 10  − 3  
(4.72 – 7.65) × 10  − 3 

 8.35 × 10  − 3  
 (6.64 – 10.50) × 10  − 3  

 Likelihood ratio test 
 for parameter G

 p  = .047  

    Notes:  Survival curves ( n  = 50 mice per group; same animals as used for 
experiment summarized in  Table 2 ) were compared by the Gehan – Wilcoxon 
and the log-rank tests, as implemented in the NCSS statistical software package. 
The  p  values are listed for both the chi-square approximation and the permuta-
tion (10 5  Monte Carlo samples) variants of each test. Maximum likelihood esti-
mates of Gompertz parameters were obtained using the WinModest program 
( 36 , 37 ). The values of these parameters for wild-type and  mGsta4 -null mice 
were compared by the likelihood ratio test of WinModest. In this test, the log 
likelihood estimate of the full model is subtracted from that of a  “ null hypoth-
esis model ”  in which one of the parameters has been constrained to be identical 
for the two groups of mice. The resulting difference, multiplied by 2, is distrib-
uted as a chi-square random variable with 1  df .   

shown in  Figure 1 . Estimates of Gompertz parameters and 
their 95% confi dence limits are listed in  Table 3 . Both pa-
rameters of the Gompertz equation, A and G, were signifi -
cantly different between wild-type and  mGsta4 -null mice 
( Table 3 ). It is, however, noteworthy that  mGsta4 -null mice 
have a lower value of parameter A but a higher value of pa-
rameter G than wild-type animals. Although the Gompertz 
function is a mathematical formalism without a priori bio-
logical meaning, parameter A is typically interpreted as the 
intrinsic or baseline mortality and parameter G as the rate of 
exponential increase in mortality with age. A low value of 
parameter A indicates low initial mortality, with a relatively 
prolonged  “ plateau ”  phase prior to substantial attrition. A 
high value of G has no signifi cant effect at young age but 
leads to a steep decline in survivorship later in life. Accord-
ingly, the survival curves of wild-type and  mGsta4 -null mice 
are most divergent early in life. Assuming the Gompertz 
models (broken lines in  Figure 1 ) to be optimal representa-
tions of average survival curves that would have been ob-
tained on multiple repetitions of the life span study, 
 mGsta4 -null mice live 36% longer at the 10th percentile of 
mortality. The median (i.e., at the 50th percentile of mortal-
ity) life span extension is 11%. At the 90th percentile of mor-
tality, the two groups of mice have an approximately equal 
life span (3% extension for  mGsta4 -null animals;  Table 2 ). 

 mGSTA4-4 has high catalytic effi ciency for glutathione 
conjugation of the lipid peroxidation product 4-HNE 
( 44 , 45 ), a toxicant ( 46 , 47 ) that causes electrophilic stress. 
Therefore, mGSTA4-4 is considered to have a protective 
detoxifi cation role, and an extension of life span in animals 
lacking mGSTA4-4 appears counterintuitive. This apparent 
contradiction may be resolved by our earlier fi nding that in 
mice of the C57BL/6 genetic background that were used 
for the life span study, the steady-state level of 4-HNE in 
several tissues (liver, skeletal muscle, and white adipose 
tissue) was only marginally higher in  mGsta4 -null than in 
wild-type animals ( 48 ). In fact, in contrast to mice in the 
129/sv background, for C57BL/6 animals, this difference 
of 4-HNE levels did not reach statistical signifi cance in 
most experiments ( 48 ). 

 To determine why the steady-state tissue concentration of 
4-HNE is not signifi cantly elevated in C57BL/6  mGsta4 -
null mice in spite of disruption of a major gene involved in 
4-HNE metabolism, we examined the expression of other 
genes that may be relevant to 4-HNE metabolism. The se-
lected genes fall into three functionally distinct, albeit par-
tially overlapping, classes: antioxidant, antielectrophile, and 
genes necessary for glutathione synthesis ( Figure 2 ). Prod-
ucts of antioxidant genes could prevent lipid peroxidation 
and thus limit the formation of 4-HNE. Proteins encoded by 
antielectrophilic genes, such as glutathione transferases, 
alkenal/one oxidoreductase, and aldo-keto reductases, may 
act directly on 4-HNE (by conjugation, reduction of the 
double bond between carbon atoms 2 and 3, and reduction 
of the aldehyde moiety, respectively). Some of the enzymes 
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 Figure 2.        Differences between  mGsta4 -null and wild-type C57BL/6 mice in 
transcript levels of selected genes involved in antioxidant and antielectrophilic 
defenses and in glutathione synthesis. Transcript levels were determined by re-
verse transcription real-time polymerase chain reaction in liver, skeletal muscle, 
and lung of 16-week-old female animals ( n  = 5 per group). The bars represent 
ratios ( ±   SD  of the ratio) of mean transcript levels (normalized to the level of 
ribosomal protein S3 [ Rps3 ] transcript) of  mGsta4 -null and wild-type animals. 
Filled bars indicate that the difference between  mGsta4 -null and wild-type mice 
is statistically signifi cant ( p  < .05 by  t  test).    

  

 Figure 3.        Comparison of transcript levels of catalase ( Cat ), superoxide dis-
mutase 1 and 2 ( Sod1  and  Sod2 , respectively), and glutathione transferases 1 
plus 2 ( Gsta1+2 ) in livers of C57BL/6 and 129/sv mouse strains. Transcript 
levels were determined by reverse transcription real-time polymerase chain re-
action. The bars represent ratios ( ±   SD  of the ratio) of mean transcript levels 
(normalized to the level of ribosomal protein S3 [ Rps3 ] transcript) of three ani-
mals per group. Statistically signifi cant differences between the C57BL/6 and 
129/sv strains (i.e., transcript ratios of C57BL/6 vs 129/sv animals differing 
from 1;  p  < .05 by  t  test) are indicated by asterisks. The comparison was carried 
out separately for wild-type (fi lled bars) and for  mGsta4 -null (open bars) mice 
in the C57BL/6 and 129/sv genetic backgrounds.    

may carry out both functions; for example, certain glutathi-
one transferases have glutathione peroxidase activity against 
phospholipid hydroperoxides (antioxidant role) as well as 
the ability to conjugate 4-HNE with glutathione (antielec-
trophilic activity) ( 49 ). Likewise, enzymes necessary for 
glutathione biosynthesis contribute to subsequent antioxi-
dant and antielectrophilic reactions because of the dual 
metabolic role of glutathione as a reductant and a nucleo-

phile ( 50 ). The increased transcript levels of a number of 
antioxidant and antielectrophilic genes in several tissues of 
 mGsta4 -null mice ( Figure 2 ) are consistent with a lower rate 
of formation, and higher rate of disposal, of 4-HNE in 
knockout animals. This shift in metabolism may explain 
why 4-HNE tissue concentrations in C57BL/6  mGsta4 -null 
mice are almost identical to the wild-type level ( 48 ).     

 In contrast to C57BL/6 mice, the concentration of 4-HNE 
is signifi cantly increased in tissues of  mGsta4  knockouts in 
the 129/sv genetic background ( 48 ). This strain dependence 
of the phenotype is of interest, even though 129/sv animals 
were not used for life span studies in the present work. A 
direct comparison of transcript levels for catalase, Sod1, 
Sod2, and glutathione transferases A1 and A2 in livers of 
C57BL/6 and of 129/sv mice shows that, with the exception 
of catalase, these genes are more highly expressed in 
C57BL/6 animals ( Figure 3 ). The strain comparison was 
carried out separately for wild-type mice (i.e., wild-type 
C57BL/6 were compared with wild-type 129/sv) and for 
their  mGsta4 -null counterparts (i.e., knockout C57BL/6 
were compared with knockout 129/sv). The transcript ratios 
were similar for wild-type and knockout mice, that is, with 
or without disruption of the  mGsta4  gene, the  Sod1  transcript 
level was approximately threefold higher in C57BL/6 than 
in 129/sv,  Sod2  transcripts were 2.5-fold higher, and gluta-
thione transferase A1+A2 transcripts were approximately 
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twofold higher ( Figure 3 ). The resulting lower level of 
antioxidant and antielectrophilic defense mechanisms in 
129/sv versus C57BL/6 animals, both wild type and 
 mGsta4  null, could contribute to the initial higher 4-HNE 
concentration, at least in the liver and skeletal muscle of 
129/sv mice, and to the further increase in 4-HNE upon 
 mGsta4  disruption ( 48 ). In contrast, in C57BL/6 animals, 
lipid peroxidation and 4-HNE generation would be lim-
ited, and any 4-HNE that formed would be more effi ciently 
removed, leading to lower and relatively invariant tissue 
levels of 4-HNE.     

 The mechanism by which multiple antioxidant and anti-
electrophilic genes are induced in  mGsta4 -null mice is of 
considerable interest. The constitutive as well as induced 
expression of many such genes is regulated by the transcrip-
tion factor Nrf2 ( 51 , 52 ). Although other signaling pathways 
also modulate the expression of genes involved in tissue 
protection, the hypothesis that Nrf2 plays a role in the in-
duction of gene expression shown in  Figure 2  is particularly 
attractive because of the documented ability of 4-HNE to 
activate Nrf2 ( 53 , 54 ). To test this hypothesis directly, we 
determined the amount of active nuclear Nrf2 in C57BL/6 
wild-type and  mGsta4 -null mice. In liver and skeletal mus-
cle, the two tissues that were evaluated, active Nrf2 was in-
creased by 43% and 38%, respectively, by knocking out 
 mGsta4  ( Figure 4 ). The assay was specifi c, as demonstrated 
by competition with an ARE-containing, but lack of compe-
tition with a mutated, oligonucleotide ( Figure 4 ).     

 Whereas the increase in active Nrf2 was statistically sig-
nifi cant for both liver and skeletal muscle, its magnitude, 
approximately 40% ( Figure 4 ), was less than the severalfold 

  

 Figure 4.        Quantitation of active nuclear Nrf2 by ELISA. Nrf2 was measured 
in nuclear extracts from liver and skeletal muscle of wild-type and  mGsta4 -null 
16-week-old female mice in the C57BL/6 genetic background. Filled bars rep-
resent  M   ±   SD  of three mice per group; statistical signifi cance was evaluated by 
the  t  test and is shown in the Figure. Crosshatched bars represent competition 
with a mutated specifi c oligonucleotide, and open bars represent competition 
with an antioxidant response element – containing specifi c oligonucleotide. KO 
=  mGsta4 -null mice; WT = wild-type.    

increase typically reported for cells or animals treated with 
a variety of activators (e.g.,  55 ). However, several consider-
ations indicate that a 40% activation of Nrf2 is likely to be 
biologically relevant. First, there are published precedents 
for biological effects of a moderate increase of active Nrf2. 
For example, an approximately 30% increase of active Nrf2, 
as determined by electrophoretic mobility shift assays 
(EMSA), was suffi cient to induce the expression of ARE-
containing genes in cells treated with a polyphenol ( 56 ; 
EMSA was quantitated by densitometry of the published 
fi gure). Similarly, a less than twofold nuclear accumulation 
of Nrf2 was functionally signifi cant, although a greater ac-
cumulation resulted in a more pronounced effect ( 55 ). Sec-
ond, activation of Nrf2 is typically reported in terms of an 
increase of nuclear Nrf2 protein, determined by Western 
blotting or by immunofl uorescence. However, not all nu-
clear Nrf2 may be active, suggesting that antibody-based 
assays could overestimate Nrf2 activation. In fact, in a re-
cent article in which both assays were presented, a seven-
fold increase in nuclear Nrf2 protein corresponded to a 
twofold increase in ARE-binding activity (quantitated by 
densitometry of fi gures from  56 ). Our assay ( Figure 4 ) is 
based on Nrf2 activity rather than amount. Finally, it is 
worth noting that the majority of published accounts of Nrf2 
activation involve a short-term acute treatment with an in-
ducer. This is in contrast with the  mGsta4 -null mice in 
which active Nrf2 is likely to be chronically elevated. A 
lifelong increase in Nrf2 activity, even if moderate com-
pared with the effects of acute treatments, is expected to 
cause a sustained augmentation of multiple downstream de-
fense and repair mechanisms and thus have a cumulative 
effect on life span extension. 

 Interestingly, the transcript levels for Gclc and Gclm, 
subunits of glutamate – cysteine ligase that catalyzes the 
rate-limiting step of glutathione synthesis, were not in-
creased in  mGsta4 -null mice ( Figure 2 ), even though 4-HNE 
treatment induces the expression of these genes in cultured 
cells ( 57 ); in particular, submicromolar 4-HNE exerts its in-
ducing effect on Gcl via Nrf2 signaling ( 58 ). The discrep-
ancy between our results and those obtained in cultured 
cells could be due to differences in parameters such as pre-
vailing partial pressure of oxygen and the effective concen-
tration of 4-HNE, to an adaptation of the knockout mouse to 
a chronic physiological shift, or to a more complex regula-
tory network in the context of a multi-tissue intact organ-
ism. The regulation of glutathione synthesis involves several 
distinct signaling pathways ( 59 ), and the effects of 4-HNE 
on such signaling systems may depend on the concentration 
of the compound, on the cell type, and on the physiological 
context (reviewed in  60 ). Of particular interest is the recent 
fi nding that inhibition of Jun N-terminal kinase (JNK) pre-
vented the induction by 4-HNE of  Gclc  and  Gclm  expres-
sion but not that of other Nrf2-dependent genes ( 57 , 61 ). 
Further work will be needed to elucidate whether the lack of 
 Gclc  and  Gclm  induction in  mGsta4 -null mice is linked to 
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differential regulation of these genes by JNK or determined 
by other signaling events. 

 Taken together, our results are most readily interpreted as 
follows. Impaired 4-HNE conjugation in  mGsta4 -null mice 
results in an elevated tissue level of 4-HNE. This modulates 
several signaling cascades ( 62  –  65 ) including, but not lim-
ited to, the activation of Nrf2 ( 61 ). Enhanced Nrf2 signaling 
elicits a defense response. In particular, upregulation of an-
tioxidant enzymes limits lipid peroxidation and 4-HNE for-
mation, whereas antielectrophilic detoxifi cation enzymes 
dispose of 4-HNE. Both types of reactions lower the con-
centration of 4-HNE and should be viewed as part of a neg-
ative feedback loop that stabilizes 4-HNE levels. In 129/sv 
mice, this feedback loop is only partially effective because 
of a relatively low expression of the defense mechanisms, 
resulting in a steady-state concentration of 4-HNE that is 
signifi cantly higher in  mGsta4 -null than in wild-type ani-
mals. In contrast, the more robust detoxifi cation systems of 
C57BL/6 mice reduce the steady-state concentration of 
4-HNE in the knockout to almost wild-type levels. How-
ever, in both strains, there is a persistent elevation of anti-
oxidant and antielectrophilic enzymes when  mGsta4  is 
disrupted. 

 How do the biochemical and physiological changes pre-
cipitated by the disruption of the  mGsta4  gene lead to an 
extended life span in the knockout mice ( Figure 1 )? Several 
possibilities could be considered. The primary effect of the 
loss of mGSTA4-4, the product of the  mGsta4  gene, is an 
impairment in the glutathione conjugation of its substrates, 
mainly  a , b -unsaturated carbonyl compounds such as 
4-HNE ( 44 , 45 ) and, at least in the case of rat and human 
GSTA4-4, certain isoprostanes ( 66 ). 4-HNE is probably the 
physiologically most relevant substrate of mGSTA4-4, and 
experimental modulation of 4-HNE conjugation has been 
shown to affect life span in  C. elegans  ( 6 , 26 , 27 ). However, 
disruption of 4-HNE conjugation in  C. elegans  caused a 
shortening of life span, unlike the extension observed in the 
 mGsta4 -null mouse ( Figure 1 ). The key to understanding 
this seemingly paradoxical result is the fact that overexpres-
sion or silencing of 4-HNE – conjugating enzymes in  C. el-
egans  resulted in decreased or elevated 4-HNE levels, 
respectively. This is in contrast to mice in which the upregu-
lation of a defense response virtually abrogates any possible 
increase in 4-HNE concentrations but, via the negative feed-
back loop discussed previously, translates it into a steady-
state increase of a variety of detoxifi cation enzymes. In 
other words, the absence of a signifi cant change in 4-HNE 
levels effectively rules out a direct effect of 4-HNE on the 
life span of  mGsta4 -null mice. It is, however, likely that lon-
gevity is affected by the secondary response, that is, the el-
evated antioxidant and antielectrophilic activities. 

 As originally formulated, the oxidative stress theory of 
aging ( 67 , 68 ) postulates that antioxidant defenses prolong 
life. Within this conceptual framework, the induction 
of catalase, Sod, and several other antioxidant enzymes 

( Figure 2 ) could be relevant to the observed life span exten-
sion in  mGsta4 -null mice ( Figure 1 ). However, the oxida-
tive stress theory of aging has been recently subjected to 
increasing criticism ( 69  –  73 ), in part because of the disap-
pointing results of attempts to extend life by application of 
antioxidants, whether chemical or enzymatic. It could be 
argued that both the original enthusiasm and the recent re-
jection of the oxidative stress theory are oversimplifi cations 
and that a more nuanced approach is called for ( 15 , 69 ). In 
some (but certainly not all) situations, oxidative damage ap-
pears to contribute to aging, and antioxidant processes or 
interventions may prolong life (e.g.,  74  –  76 ). Thus, it ap-
pears premature to rule out a causative role of antioxidant 
enzymes in the extension of life span of  mGsta4 -null mice, 
although this hypothesis remains to be tested. 

 A stronger case can be made for antielectrophilic en-
zymes, also upregulated in  mGsta4 -null animals ( Figure 2 ). 
Consistent with the latter fi nding is the activation of Nrf2 
( Figure 4 ), as it has been recently shown that Nrf2 is more 
important for the detoxifi cation of electrophiles than for re-
moval of reactive oxygen species ( 77 ). Induction of several 
classes of detoxifi cation enzymes, including those that act 
on electrophiles, correlated with extended life span in sev-
eral systems. This gave rise to the recently formulated 
 “ green ”  theory of aging ( 16 , 78 ). The theory emphasizes the 
role in aging of a broad spectrum of detoxifi cation, stress 
response, and repair mechanisms, of which antioxidants are 
but a subset. We have accumulated evidence in  C. elegans  
that overexpression of antielectrophilic enzymes has the po-
tential to extend life ( 6 , reviewed in  79 ). The increased lon-
gevity of  mGsta4 -null mice ( Figure 1 ) could be the result of 
elevated antielectrophilic enzymes, as shown in  Figure 2 , 
and/or of additional detoxifi cation proteins whose expres-
sion is dependent on Nrf2. 

 In summary, we postulate that the impairment of 4-HNE 
conjugation in  mGsta4 -null mice tends to increase the tissue 
level of 4-HNE. This, however, leads to the establishment of 
a new steady state in which 4-HNE activates signaling path-
ways including Nrf2, which in turn induces the expression 
of a large set of response genes. Some of the now overex-
pressed gene products create a negative feedback loop 
through which they control the concentration of 4-HNE. 
The same and additional Nrf2-dependent genes contribute 
to the extension of life span. This physiological shift in the 
 mGsta4 -null animals could be visualized in terms of trans-
lating the chronic but moderate increase in 4-HNE, the pri-
mary effect of disrupting a glutathione transferase, into a 
secondary induction of several stress response mechanisms. 
Such translation of the loss of a specifi c detoxifi cation reac-
tion into a generalized resistance has been observed in other 
physiological contexts; for example, plants with a silenced 
glutathione transferase can become refractory to fungal 
infection ( 80 ). It has been shown by modeling ( 81 , 82 ) 
that, in certain situations, an initial insult can be actually 
overcompensated by the resulting steady-state response. 
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In  mGsta4 -null mice, the increased capacity for detoxifi ca-
tion could be viewed as a hormetic response ( 83  –  85 ) to the 
chronic oversupply of 4-HNE; this hormetic effect could be 
responsible for the observed extension of life span.   
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