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Abstract

Species differ greatly in their rates of aging. Among mammalian species life span ranges from 2 to 
over 60 years. Here, we test the hypothesis that skin-derived fibroblasts from long-lived species of 
animals differ from those of short-lived animals in their defenses against protein damage. In parallel 
studies of rodents, nonhuman primates, birds, and species from the Laurasiatheria superorder 
(bats, carnivores, shrews, and ungulates), we find associations between species longevity and 
resistance of proteins to oxidative stress after exposure to H2O2 or paraquat. In addition, baseline 
levels of protein carbonyl appear to be higher in cells from shorter-lived mammals compared with 
longer-lived mammals. Thus, resistance to protein oxidation is associated with species maximal 
life span in independent clades of mammals, suggesting that this cellular property may be required 
for evolution of longevity. Evaluation of the properties of primary fibroblast cell lines can provide 
insights into the factors that regulate the pace of aging across species of mammals.
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There is substantial evidence that cellular resistance to oxidative 
stress may help to regulate aging rate and life span. Many of the 
mutations, diets, and drugs that can extend life span in mice, flies, 
and worms increase oxidative stress resistance (1–3). In addition, 
some experiments in which protein oxidation was reduced by genetic 
manipulations, such as engineered increases in catalase or protea-
some function, have led to increases in life span in worms, flies, 
mice, and yeast (4–7). In contrast, most experiments in which oxi-
dant defenses have been modulated in mice have shown little or no 
effect on life span, as reviewed in (8–12). Mutations that increase life 
span in Caenorhabditis elegans and Drosophila melanogaster often 
increase defenses against both oxidative and nonoxidative stresses 
(13–16). Additionally, reduced levels of oxidative protein damage 
have been observed in rodents that have been subjected to caloric 

restriction (17) These findings have led some to posit that the ‘free 
radical theory of aging’ should be replaced by a more comprehensive 
view that aging rates and life span are regulated by the capacity of a 
body to keep oxidative and other forms of damage in check (12,18).

The implications for antioxidant defenses as factors in the evo-
lution of long-lived species are also uncertain. Characterizations 
of exceptionally long-lived species such as the naked mole rat or 
extremely long lived clams can be of great interest (19–21), and have 
contributed much to our understanding of the aging process, but the 
processes that lead to longevity in such atypical species may or may 
not resemble those which are typical of evolutionary transitions in 
mammals more generally. In addition, many of the previous stud-
ies that involved comparisons between short-lived and long-lived 
species were quite limited in scope, typically involving only two or 
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three species, in which idiosyncratic species differences may obscure 
the broad generalizations that are the aim of the study (22,23).  
In particular, comparisons involving only two or three species can 
be confounded by physiological differences that are independent of 
aging rate and life span. For these reasons, some groups have now 
begun to evaluate cellular traits across much larger sets of related 
species, exhibiting broad differences in life span, to seek general 
principles that apply in multiple clades in which longevity differ-
ences have evolved independently (24–30).

Comparative analysis of cell lines from species that differ in 
aging rate could potentially be used to test ideas about factors that 
modulate the rate of aging, but only if the properties of cultured 
cells reflect in some way those of the intact animals from which they 
are derived. There is now a growing list of studies showing asso-
ciations between the characteristics of primary skin-derived fibro-
blasts, or their transformed derivatives, and the life span of donor 
species. Fibroblasts are used in such studies not on the (unlikely) 
assumption that changes in fibroblast properties would significantly 
affect organismal life span, but because of the idea that evolutionary 
changes that produce slow aging might affect multiple cell types, 
including those which do contribute to long-lasting resistance to 
diseases and disabilities, and also those (like fibroblasts) which are 
easy to cultivate and expand under standardized conditions. Such an 
approach has been used in studies of telomere length (25), cellular 
resistance to lethal injuries (26–29), kinetics of activation of stress-
sensitive kinases (31), and permeability to extracellular cadmium 
(32). In other cases, inter species differences in cellular properties, 
such as telomerase activity, were found to be more strongly associ-
ated with species body mass than with longevity per se (24,30).

In this article we used primary skin-derived fibroblast cell lines 
derived from more than 50 species of mammals, representing multi-
ple orders, to see if cells from longer-lived species show more resist-
ance to oxidative modification and unfolding of intracellular protein.

Methods

Cell Culture
Cells were cultured in complete media made of Dulbecco’s modified 
Eagle medium (high-glucose variant, Gibco-Invitrogen, Carlsbad, 
CA) supplemented with 10% heat-inactivated fetal bovine serum 
and antibiotics (100 U/mL penicillin, 100  µg/mL streptomycin, 
and 0.25  µg/mL of amphotericin B; Gibco-Invitrogen). Cells were 
incubated at 3% O2, hypoxic with respect to atmospheric O2 con-
centration, to mimic their normal physiological environment; the 
incubators were also maintained at 5% CO2, and 37°C. Media was 
replaced every 3–4 days.

Protein Carbonyl Assay
Cells were lysed through resuspension in 20 μL of Ripa buffer (Cat# 
89900, Thermo Scientific, Rockford, IL) supplemented with a pro-
tease inhibitor cocktail (Cat# 78410, Thermo Scientific). Cells were 
subjected to 3× 5-minute incubations on ice interspersed by 5-second 
vigorous vortex cycles. Twenty microlitres of 12% sodium dodecyl 
sulfate (SDS) was added to samples, and samples were vortexed, and 
then centrifuged at 20,000g for 5 minutes at 24°C. The supernatant 
was then used for protein carbonyl assays. Protein carbonyl assays 
were performed using reagents provided by Millipore (Oxyblot kit, 
Cat# S7150, Millipore, Temecula, CA). Briefly 10 μL of cell lysate 
was mixed with 10 μL of Ripa buffer supplemented with 6% SDS. 
Twenty microlitres of 2,4-dinitrophenol was added to samples. 
Samples were then vortexed and incubated for 15 minutes at room 

temperature, after which 15 μL of neutralization buffer was added 
to stop the derivatization reaction.

Samples were separated by electrophoresis on a 10% SDS–pol-
yacrylamide gel at 80 V for 1.5–2 hours. A Western blot transfer 
was performed and membranes were screened with an antibody 
reared against 2,4-dinitrophenol (Cat# 90451, Millipore). Protein 
loading was quantified using an India Ink stain of total protein (33) 
instead of quantification based on a housekeeping gene (eg, actin or 
β-tubulin) due to variable antibody specificity among species.

Detergent-Insoluble Protein Assay
Cell pellets were resuspended in 50 µL of ice cold phosphate-buff-
ered saline (PBS) supplemented with 1% Triton X-100. Cells were 
subjected to 3× 5-minute incubations on ice interspersed by 5-sec-
ond vigorous vortex cycles. Samples were centrifuged at 20,000g for 
10 minutes at 4°C. The supernatant was removed and labeled as 
the “soluble fraction.” The pellet was resuspended in 500 μL of ice 
cold PBS supplemented with 1% Triton X-100. Samples were centri-
fuged at 20,000g for 10 minutes at 4°C. The pellet was removed and 
labeled as the insoluble fraction. The soluble fraction was denatured 
through addition of 1× lithium dodecyl sulfate (LDS) buffer and 
incubation at 95°C for 5 minutes. The insoluble fraction was dena-
tured through addition of 4× LDS buffer and incubation at 95°C 
for 5 minutes. Samples were then separated by electrophoresis using 
a 10% SDS–polyacrylamide gel at 80 V for 1.5–2 hours. Gels were 
then analyzed by a Coomassie stain.

Disulphide Bond Formation Assay
Cell pellets were resuspended in 450 μL of PBS supplemented with 
0.5 mM MgCl2, 1 mM ethylenediaminetetraacetic acid, 150 mM 
iodoacetamide (used to bind to modify any exposed unbound sulphide 
groups), and protease inhibitor (Cat# 78410, Thermo Scientific). Cells 
were then fractionated through 3× 5-minute incubations on dry ice 
interspersed by 5-minute incubation in a room temperature water bath 
and 5-second vigorous vortex cycles. Protein was then precipitated by 
addition of 50 μL of trichloroacetic acid. Samples were centrifuged at 
20,000g for 30 minutes at 4°C. The pellet was resuspended in 1 mL 
of 100% ethanol, and then centrifuged at 20,000g for 30 minutes 
at 4°C. The pellet was then resuspended in 8 M Urea supplemented 
with 1 mM dithiothreitol (DTT) used to break existing disulphide 
bonds. Samples were incubated at 37°C for 10 minutes. Fluorescein-
6-iodoacetamide was added to a final concentration of 1 mM, to bind 
to newly exposed sulfide groups. Samples were incubated at 37°C for 
1 hour. Samples were then separated by electrophoresis using a 10% 
SDS–polyacrylamide gel at 80 V for 1.5–2 hours. Fluorescence was 
measured under 494 nm excitation and 521 nm emission. Total pro-
tein was subsequently determined using a Coomassie stain.

Additional methods on generation and culturing of cell lines 
as well as statistical analysis are presented in the Supplementary 
Methods section.

Results

Oxidation of lysine, arginine, proline, or threonine residues leads 
to formation of protein carbonyl groups, which increase with age 
in several tissues and species, including house flies, rat hepatocytes, 
human lens cells, as well as the brains of gerbils and humans. (34,35). 
We speculated that fibroblasts from short-lived species might show 
a greater degree of protein carbonyl accumulation, when exposed 
to H2O2 as an oxidant stress, compared with cells from longer-lived 
animals. Figure 1A shows results of one such experiment, comparing 
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cells from six species of mammals, varying in maximum life span 
(MLS) from 3.9 to 23.4 years, for carbonyl content before and after 
1 hour exposure to 100  µM of H2O2. Large increases in protein 
carbonyl levels were observed in cells from short lived species such 
as the golden hamster, house mouse, and Nile kusu, but fibroblasts 
from longer-lived species such as the North American porcupine, 
common raccoon, or American beaver were relatively resistant.

Figure 1B shows quantification of the change in protein carbonyl 
content for all 17 rodent species tested. These species are listed, 
including information on Latin name, life span, body mass, and 
number of independent cell lines used per species, in Supplementary 
Table 1. The data shows a clear trend: cells from shorter-lived spe-
cies typically show 40%–50% increases in protein carbonyl groups 
following H2O2 treatment, but there is little or no increase in protein 
carbonyl groups in cells from longer-lived species. The correlation 
between change in protein carbonyl content and species MLS was 

significant at p = .001 and R2 = .52. Interestingly, cells from some of 
the longer-lived species consistently had lower levels of protein car-
bonyl content following treatment with H2O2, shown in Figure 1B 
as negative values. This decline in carbonyl content was noted as a 
consistent feature when independent cell lines from different donors 
of the same species were studied, for example, in assays using cell 
lines from three different porcupines. The decline in protein carbonyl 
after exposure to H2O2 suggests a possible hormetic effect in cells 
from these long-lived rodent species.

As a second measure of resistance to protein damage, we meas-
ured how H2O2 affects the proportion of detergent insoluble protein, 
as an index of aggregation of denatured and unfolded protein mole-
cules (36,37). Detergent-insoluble protein has been shown previously 
to increase with age in nematode worms (38), in the vertebral disc 
and lens of humans (39) and in late passage mouse fibroblasts (40). 
Supplementary Figure 1 shows results of a typical experiment, in this 
case comparing cells from mice (MLS 4 years) to those from chin-
chilla (MLS 17.2 years), and Figure 2A shows the results for all 17 
tested rodent species. Cells from shorter-lived rodent species tended 
to accumulate higher levels of detergent insoluble proteins than those 
from longer-lived animals (R2 = .24, p = .04) after exposure to H2O2.

As a third measure of resistance to protein damage, we measured 
formation of disulphide bonds after exposure to H2O2. This served 
as a third index of protein damage that can be induced by oxidative 
stress (41). As with other measures of protein damage, disulphide 
bond levels have been reported to increase with age in a range of 
animals and tissues including rat and human lens cells (42), as well 
liver samples from mice and the naked mole rat (21). Supplementary 
Figure 2 shows results of a typical experiment comparing cells from 
shrews (MLS 2.2), gerbils (MLS 6.3), fox squirrels (MLS 16), and 
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Figure 1.  (A) Representative immunoblot showing protein carbonyl content 
before and after exposure to 100 μM H2O2 in six mammalian species with 
a maximum life span (MLS) range of 3.9–23.4 years. Protein carbonyls are 
labeled with 2,4-dinitrophenol, and protein carbonyl content is measured 
using an antibody against 2,4-dinitrophenol (anti-DNP). Total protein is 
measured using an India Ink stain. (B) Scatterplot of % change in protein 
carbonyl content following exposure to 100 μM H2O2 in 17 species of rodents.

Figure 2.  (A) Scatterplot of % change in insoluble protein content following 
exposure to 200 μM H2O2 in 17 species of rodents. A list of the species tested, 
with counts of the number of cell lines tested for each species, is provided in 
Supplementary Table 1. Values are adjusted by soluble protein content in each 
sample. (B) Scatterplot of % change in disulfide bond formation following 
exposure to 100 μM H2O2 in 16 species of rodents. A list of the species and 
number of tested cell lines is in Supplementary Table 1. Values are adjusted 
by soluble total protein in each sample. Error bars if present represent SEM 
of 2–3 cell lines derived from independent animals.
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chinchilla (MLS 17.2). Figure  2B shows the compiled results for 
the 16 rodent species tested. The Nile kusu was not included in 
this experiment due to insufficient protein. Cells from shorter-lived 
rodent species tended to develop higher levels of disulphide bond 
formation following H2O2 than those from longer-lived animals 
(R2 = .41, p = .007).

To see if similar differences in resistance to oxidant damage could 
be observed in fibroblasts from nonhuman primates, we evaluated 
increases in protein carbonyl in fibroblasts from 21 primate species 
ranging in MLS from 16.5 to 59.4 years (see Supplementary Table 2 
for details), after 1 hour of exposure to 100 μM of H2O2. As shown 
in Figure 3A and B, cells from short-lived nonhuman primate species 
show higher levels of increase in carbonyls than cells from longer-
lived primates (R2 = .46, p = .01). Cells from the longer-lived nonhu-
man primate species, like cells from longer-lived rodents (Figure 1), 
frequently show reduced levels of protein carbonyl after exposure 
to H2O2. Cells from two human cell lines were tested in parallel (see 
“H” symbol in Figure 3B), and were found to be resistant to H2O2-
induced carbonyl formation. The association between MLS and car-
bonyl formation remained significant (R2 =  .19, p =  .04) when all 
primates, ie, both human and nonhuman species, were considered 
together.

To test our hypothesis in a third, independent clade, we evalu-
ated fibroblasts from 14 species of Laurasiatheria, a mammalian 
superorder that includes shrews, bats, ungulates, and carnivores (43) 
(see Supplementary Table 3 for details). As shown in Figure 3A and 

C, we found a significant negative correlation between protein car-
bonyl induction and MLS (R2 = .36, p = .02) for this group of spe-
cies. Additionally we noted that cells from some longer-lived species 
showed a decline in peroxide-induced protein carbonyl accumula-
tion after peroxide exposure, similar to examples seen for some long-
lived species of rodents and nonhuman primates.

As a test of whether a correlation between resistance to oxidative 
damage and life span is unique to mammals, a similar analysis was 
performed on bird species. An initial set of pilot experiments used a 
dose of 100 μM H2O2, that is, the dose used for the study of mam-
malian cell lines, but bird cells proved to be highly resistant to this 
dose: seven of the 11 species tested had no increase in protein car-
bonyl content, and many of the species showed a decrease in protein 
carbonyl content at this peroxide concentration. This observation is 
consistent to previous reports showing resistance of bird cell lines to 
peroxide-induced cell death (29). We, therefore, used a higher dose, 
200 μM, to survey bird cell lines for resistance to protein carbonyl 
damage, with results for the 15 species tested shown in Figure 3A 
and D, and with details given in Supplementary Table  4. Using 
200 μM H2O2, we noted a negative correlation between increase in 
protein carbonyl content and life span among bird species, signifi-
cant at R2 = .29 and p = .04.

We used analysis of covariance to explore associations between 
H2O2-induced carbonyl formation and MLS, using the data for 
the three mammalian groups in combination. For the set of all 52 
species of mammals (Figure 4A), the association between carbonyl 

Figure 3.  (A) Representative immunoblot showing protein carbonyl content following exposure to 100 μM H2O2 in three species of primate, one species of 
shrew, three species of bat, two species of carnivore, and three species of bird (in which 200 μM H2O2 was used instead of 100 μM H2O2). (B) Scatterplot of % 
change in protein carbonyl content following exposure to 100 μM H2O2 in 22 species of primate. A complete list of the species is provided in Supplementary 
Table 2. Humans (“H” symbol) were included in the scatterplot but not in the statistical analysis. (C) Scatterplot of % change in protein carbonyl content following 
exposure to 100 μM H2O2 in 14 species of Laurasiatheria. A  list of the species is provided in Supplementary Table 3. (D) Scatterplot of % change in protein 
carbonyl content following exposure to 200 μM H2O2 in 15 species of birds. A complete list of the species is provided in Supplementary Table 4. In all animal 
clades values are adjusted by total protein content in each sample. Error bars, if present, represent SEM of 2–3 cell lines derived from independent animals. The 
regression line and statistical analysis represent the trend within the clade.
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formation and MLS was significant at R2 = .31 and p < .0001. The 
three slopes are significantly different (F2,48 = 4.07, p = .02): steeper 
in rodents than in primates or Laurasiatheria. When individual 
groups were compared, a significant difference was noted between 
the rodents and the primates (F1,35 = 8.02, p = .007) and between the 
rodents and Laurasiatheria (F1,34 = 4.12, p = .05), but the contrast 
between primates and the Laurasiatheria did not achieve statistical 
significance on its own (F1,32 = 2.78, p = .11). Bird species were not 
included in this comparison due to the higher dose of H2O2 required 
for the assay.

In general, larger species of mammals tend to have longer life 
spans than smaller ones, perhaps reflecting both relaxed predator 
pressure and longer postnatal development times among the larger 

species. Larger species also have lower metabolic rates (per unit 
lean body mass), so that cellular changes associated with adapta-
tion to higher metabolic rate might show an association with life 
span, across species, even if there were no causal linkage (44). On 
the other hand, adjustment for body mass is likely to obscure asso-
ciations that do indeed reflect causal associations, because diluting 
statistical trends by adjustment for a common covariate (mass) will 
increase type II errors (45–47). To evaluate this issue, we calculated 
the regression between two residuals: (a) the residual of life span 
regressed against log10(mass) and (b) the residual of the % increase 
in protein carbonyl following H2O2 exposure regressed against 
log10(mass); Supplementary Figure  3 shows the regression plots 
for each of these two sets of data. Figure 4B shows the plot of the 

All mammals: N = 52
R2 = .31 p < .0001                     Mass-independent variation          Phylogenetic contrast
ANCOVA F2,48 = 4.07 p = .02    N = 52 R2 = .16 p = .004                  N = 51 R2 = .17 p = .003

A B C

Life span Life span

Figure 4.  (A) Scatterplot of % change in protein carbonyl content following exposure to 100 μM H2O2 in 52 species of mammals. Values are pooled from Figures 
1 and 3. Regression lines represent trends within individual clades, and the statistics represent comparisons within the group as a whole. (B) Scatterplot of mass-
adjusted changes in protein carbonyl content following exposure to 100 μM H2O2 in 52 species of mammals. Values represent the residual from Supplementary 
Figure 3A (x-axis) & Supplementary Figure 3B (y-axis). (C) Scatterplot showing standardized contrast analysis for protein carbonyl content following exposure to 
100 μM H2O2 in 52 species of mammal. Values are calculated as described in Ref. (22) and are based on the phylogeny in Supplementary Figure 4 and reference 
list in Supplementary Figure 5. Note: N = 51 instead of 52 due to the pairwise comparisons involved in the phylogenetic contrast.

A B C
All mammals: paraquat Mass-independent variation          Phylogenetic contrast
N = 50 R2 = .09 p = .03 N = 50 R2 = .02 p = .36                            N = 49 R2 = .06 p = .08

Life span

Life span (yr) Life span

Figure 5.  (A) Scatterplot of % change in protein carbonyl content following exposure to 5 mM paraquat in 50 species of mammal. Values are pooled from 
Supplementary Figure 6. Regression lines represent trends within individual clades, and statistics represent comparisons within the entire group of species. (B) 
Scatterplot of mass-adjusted changes in protein carbonyl content following exposure to 5mM paraquat in 50 species of mammal. Values represent the residual 
from Supplementary Figure 3A (x-axis) & Supplementary Figure 6 (y-axis). (C) Scatterplot of phylogenetic-standardized protein carbonyl content following 
exposure to 5 mM paraquat in 50 species of mammals. Values are calculated as described in Ref. (22) and are based on the phylogeny in Supplementary 
Figures 4 and material cited in Supplementary Figure 5. Note: N = 49 instead of 50 due to the pairwise comparisons involved in the phylogenetic contrast.
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two residuals against one another, showing a significant correlation 
between mass-adjusted life span and mass-adjusted carbonyl accu-
mulation (R2 = .16, p = .004) among species of mammals. Thus, the 
association of species life span with resistance to carbonyl accumula-
tion is not merely an artifact of a shared association with body mass.

A second potential complication comes from variation in phy-
logenetic distances among species. Closely related species would be 
expected to have similar life spans and protein damage resistance, 
even if there were no causal relationship. A  standard regression 
makes the assumption that all species are independent, in this case 
equally distant from one another in evolutionary divergence, and 
this incorrect assumption can lead to misleading conclusions, par-
ticularly in analyses using clusters of closely related species (23). To 
evaluate this issue we conducted a standardized phylogenetic-inde-
pendent contrast analysis (22), based on a phylogeny constructed 
through a literature review and weighted by the separation of spe-
cies in millions of years using phylogenies shown in Supplementary 
Figures 4 and 5. We found a significant correlation between life span 
and susceptibility to protein damage following exposure to H2O2, 
significant at R2 = .17 and p = .003, using this standardized contrast 
analysis (Figure 4C). Thus, the association noted by linear regression 
is not merely an artifact of clustered evolutionary groupings.

We also compared rodent, nonhuman primate, and Laurasiatheria 
cell lines for change in protein carbonyl level after exposure to para-
quat, which produces free radical damage through a reaction with 
oxygen to form superoxide radicals (48). We evaluated fibroblasts 
from 16 species of rodent after 1 hour of exposure to 5 mM para-
quat. As shown in Supplementary Figure 6A, cells from short-lived 
rodent species show higher levels of increase in carbonyls than longer 
lived rodents (R2 = .29, p = .03). The Nile kusu was not included in 
this experiment due to insufficient recovery of protein. In contrast, 

we saw no such pattern among the 20 species of nonhuman pri-
mates examined (see Supplementary Figure 6B). The Laurasiatheria 
species, like the rodents, showed a negative trend between carbonyl 
accumulation and MLS, but the association did not achieve statisti-
cal significance (Supplementary Figure 6C: R2 = .12, p = .22). When 
the species were combined (16 species of rodents, 20 of nonhuman 
primates, and 14 Laurasiatheria species, as shown in Figure 5A), we 
found a significant association (R2 = .09, p = .03), with higher protein 
carbonyl changes seen in the shorter-lived species. After adjustment 
for mass, however, no significant trend was observed (Figure 5B and 
Supplementary Figure 7: R2 = .02, p = .36), and adjustment for phy-
logenetic relationships revealed a trend that did not reach statistical 
significance (Figure 5C: R2 = .06, p = .08).

We also evaluated protein carbonyl content in cells in their stand-
ard growth condition, ie, without previous exposure to H2O2 or 
paraquat, in part to see whether there were differences which might 
affect interpretation of the change scores shown in Figures 1 and 3, 
and in part to see if species variation affected protein status prior to 
imposed oxidative stress. When samples from all mammalian species 
were compared together, a significant negative trend was observed 
in which shorter-lived mammals were found to have a much higher 
level of protein carbonyls than longer-lived mammals (R2  =  .19, 
p = .001) (see Figure 6A). This trend survived adjustments for phylo-
genetic relatedness (R2 = .08, p = .04) but did not survive adjustment 
for mass (R2 = .0001, p = .94). In contrast when mammalian clades 
were individually examined we saw trends which were weaker and 
did not reach statistical significance (see Figure  6, Supplementary 
Figures 8 and 9). We did observe that levels of oxidative damage in 
species of bats were on average 70% higher than in other species of 
Laurasiatheria (see Supplementary Figure 8), and noted that this dif-
ference was significant at p = .008 (using a Student’s t test).

Mammals                                                            Rodents 
N = 52 R2 = .19 p = .001                                     N = 17 R2 = .1 p = .21 

Non-human primates                                       Laurasiatheria 
N = 21 R2 = .11 p = .15                                      N = 14 R2 = .14 p = .18 

Figure 6.  Scatterplot of baseline protein carbonyl content in (A) 52 species of mammal. (B) 17 species of rodent, (C) 21 species of primate, (D) 14 species of 
Laurasiatheria. Humans (“H”) are shown in the plot but were excluded from the statistical analyses.
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Discussion

Long life span, and the slower rate of aging that leads to long life 
span, has evolved independently many times in diverse clades of 
mammals to provide improved reproductive fitness in ecological 
niches that reward postponement of the diseases and disabilities 
of aging. Each evolutionary event that creates a long-lived species, 
or group of related species, presents new opportunities for learning 
about the biological factors that control aging rate. Diets (49), drugs 
(50,51), and mutations (52) that extend life span in experimental 
mammals have, so far, been able to increase maximal life span by a 
factor of 25%–60% at most, but the differences between the short-
est-lived mammals, including shrews and mice (53), and longer-lived 
species such as chimpanzees, whales, and humans (53) are roughly 
20- to 40-fold. It is an open question whether the changes that lead 
to slower aging in one clade of mammals are identical, different, or 
overlapping with respect to those which slow aging in other inde-
pendent groups of species.

We have tackled this problem using a strategy with two main 
features: (a) we have evaluated fibroblast cell lines derived from the 
skin of adults; and (b) we have used dozens of species, thus allow-
ing independent assessment of hypotheses in nonoverlapping clades.

Our use of a large battery of species also provides important 
advantages. Comparisons that involve only a handful of species are 
difficult to interpret, because there are likely to be many biochemi-
cal and cellular differences that are unrelated to aging and longev-
ity, in addition to changes that could, in principle, modulate aging 
rate (22,23). Studies of exceptionally long-lived species, such as 
the naked mole rat (20,54) or long lived clams (19), can provide 
valuable ideas about factors related to the exceptional longevity in 
individual species, and can help call into question over hasty gener-
alizations about antiaging defenses (54), but the idiosyncratic biol-
ogy of these unusual species may render them less useful as tests of 
general hypotheses that might modulate aging among more typical 
sets of species. Comparative analyses of wider sets of species has 
documented systematic correlations between life span and/or body 
size with multiple cellular and physiological endpoints, including 
fatty acid balance (45), mitochondrial use of cysteine and methio-
nine codons (55), and IGF-1 levels (56), in addition to the work 
on fibroblast cell lines presented earlier (25,26,28,30). Evaluation 
of large sets of species provides greater statistical power, opportuni-
ties to test ideas in nonoverlapping clades, and the chance to iden-
tify exceptions to general trends, exceptions that may reward more 
detailed scrutiny.

Previous reports from this laboratory have shown that fibroblasts 
from long-lived species of rodents (28) and long-lived species of 
birds (29) resist cell death after exposure to H2O2. Our current data 
provide new information about protection of intracellular proteins 
against carbonyl formation, aggregation or misfolding of proteins 
into insoluble forms, and resistance to inappropriate disulfide bond 
formation after brief exposure to H2O2 or to paraquat. Our results 
provide support for the hypothesis that resistance of proteins to oxi-
dative damage frequently accompanies evolved species longevity and 
is thus consistent with the idea that oxidation resistance might be a 
component of a multiplex set of defense mechanisms that contrib-
utes to slow aging across species. We see similar correlations in three 
independent mammalian clades, ie, in rodents, nonhuman primates, 
and Laurasiatheria, hinting that the association of oxidation-resist-
ance and longevity may represent convergent evolution, perhaps 
through induction of pathways predating the divergence of these 
mammalian groups, and perhaps even predating the branch between 

the ancestors of nematodes and those of vertebrates. For peroxide 
stress, the association between resistance to carbonyl formation and 
MLS is strong enough to survive correction for species body mass, 
despite the loss of statistical power involved in adjusting for a fac-
tor so strongly correlated with life span among mammals whose 
body weight exceeds 1 kg (57). The standardized contrast analysis 
(Figure 4C) indicates that the association is not due merely to phy-
logenetic relationships ignored by ordinary least-squares regression 
methods (22,23). A  similar trend was also observed amongst bird 
species albeit under higher levels of oxidative stress. This finding 
strengthens the notion that resistance to protein damage is a good 
predictor of species life span even outside of the mammalian clade. 
The finding that birds appear highly stress resistant is consistent with 
previous reports (29).

This work presents a clear demonstration that resistance to oxi-
dative protein damage is highly correlated to life span among a range 
of animal clades. The causes of this life span–dependent difference 
remains unknown. Do differences among cell lines in resistance to 
H2O2 damage reflect removal of peroxide prior to interaction with 
proteins, or removal of damaged proteins, or hormetic induction 
of anti-oxidant defenses, or the action of chaperone proteins, or a 
combination of these factors? Will other systems that influence accu-
mulation of damaged proteins, including enzymatic and proteas-
ome-based degradation pathways, vary among species in association 
with longevity differences? Do cells other than fibroblasts, such as 
hepatocytes, lymphocytes, and vascular endothelial cells, show simi-
lar MLS-associated differences in resistance to peroxide-induced car-
bonyl accumulation? Are the effects we have noted in cells derived 
from adult skin also detectable in cells produced from embryonic or 
neonatal sources, or do they emerge only after events encountered in 
the postnatal development and adult phases of the life span? The use 
of large collections of fibroblasts from multiple mammalian clades is 
a powerful tool for understanding the biology of aging. Work with 
such collections of cell lines has only just begun, and poses both 
advantages and challenges that make the approach complementary 
to work with intact animals and their tissues. We think that further 
use of cell lines from animals with disparate life spans will help to 
shed light on the ways in which evolution can mold life history and 
delay aging. We also hope that these studies may contribute eventu-
ally to the development of drugs that can promote human health by 
induction of similar cellular protective systems.

Supplementary Material

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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