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Abstract

The Gompertz equation describes survival in terms of initial mortality rate (parameter a), indicative of health, and age-dependent acceleration 
in mortality rate (parameter b), indicative of aging. Gompertz parameters were analyzed for several published studies. In Drosophila females, 
mating increases egg production and decreases median life span, consistent with a trade-off between reproduction and longevity. Mating 
increased parameter a, causing decreased median life span, whereas time parameter b was decreased. The inverse correlation between 
parameters indicates the Strehler–Mildvan (S-M) relationship, where loss of low-vitality individuals yields a cohort with slower age-dependent 
mortality acceleration. The steroid hormone antagonist mifepristone/RU486 reversed these effects. Mating and mifepristone showed robust 
S-M relationships across genotypes, and dietary restriction showed robust S-M relationship across diets. Because nutrient optima differed 
between females and males, the same manipulation caused opposite effects on mortality rates in females versus males across a range of nutrient 
concentrations. Similarly, p53 mutation in Drosophila and mTOR mutation in mice caused increased median life span associated with opposite 
direction changes in mortality rate parameters in females versus males. The data demonstrate that dietary and genetic interventions have sex-
specific and sometimes sexually opposite effects on mortality rates consistent with sexual antagonistic pleiotropy.
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Sex-specific and sex-biased effects of aging interventions are com-
mon across species; however, the underlying mechanism(s) for sex-
dimorphism in life-span regulation have not yet been fully elucidated 
(1–3). Sex-specific selective pressures are hypothesized to lead to 
gene functions that are suboptimal in one or both sexes, thereby 
potentially contributing to the aging phenotype (sexual antagonistic 
pleiotropy) (4,5). Life span is one of the most robust measures of 
aging and is typically reported in terms of median life span, some-
times including estimates of maximum life span. Fitting survival data 
to the Gompertz-Makeham (G-M) equation allows for more detailed 
analysis of the changes in animal mortality with age (6). In the G-M 
equation, the increase of mortality (μx) with age (x) is expressed as: 
μx  =  aebx+c. The G-M equation describes survival curves in terms 

of parameter a (initial mortality rate), parameter b (rate of expo-
nential increase in mortality), and parameter c (age-independent 
mortality); a decrease in one or more of these parameters can pro-
duce an increase in median life span. The related Gompertz equation 
(μx = aebx) describes survival in terms of parameter a and parameter 
b without inclusion of parameter c.

Traditionally, the initial mortality rate (parameter a) has been 
thought to result from both the inherent failure rate of animal physi-
ology and the mortality resulting from environmental challenges, 
including pathogens (7). When the life spans of model organisms are 
assayed in the laboratory, environmental challenges are minimized 
by providing constant food, temperature and humidity, and by limit-
ing exposure to pathogens. For example, several of the Drosophila 
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life-span data sets analyzed here were generated under conditions 
where the presence or absence of the commensal bacterial flora has 
been shown to have no detectable effect on the life span of males 
from long-lived starting strains (8). Similarly, the mouse mechanis-
tic target of rapamycin (mTOR) mutant and control life spans were 
analyzed under specific pathogen-free conditions (9). Therefore, 
under these optimized conditions, the initial mortality rate should 
primarily indicate the inherent risk of mortality due to the health 
or vitality of the animal, without significant effect of environmental 
challenges, other than intentional manipulations. The age-associated 
acceleration in mortality rate (parameter b) is traditionally thought 
to reflect an internal aging process that might involve the accumula-
tion of some as-yet unknown type of damage (7).

Over 50 years ago, Strehler and Mildvan analyzed cross-sectional 
survival data from model organisms and multiple human popula-
tions and found that when initial mortality rate (parameter a) was 
increased, the age-associated acceleration in mortality rate (parame-
ter b) was decreased (10). This negative correlation between parame-
ters a and b is since called the Strehler–Mildvan or S-M relationship. 
The S-M relationship is thought to result because an increased ini-
tial mortality rate (parameter a) preferentially causes the loss of the 
lowest-vitality individuals. This leaves a cohort comprised of more 
robust individuals and therefore a slower age-associated mortality 
acceleration (parameter b). Certain subsequent studies of cross-sec-
tional human survival data suggested that the S-M relationship was 
less robust (11,12). However, more recent studies of human cohort 
survival data support the existence of the S-M relationship (13–
16). The S-M relationship is also observed across male and female 
cohorts of wild-type Drosophila (17,18).

Dietary restriction (DR) can increase median life span in multiple 
species, and several mechanisms have been hypothesized, including 
increased investment of resources into somatic maintenance path-
ways important for longevity (19,20). The conclusions for mortality 
rate changes due to DR in rodents are mixed. Finch reported calcu-
lated values for parameter a and parameter b for a series of studies 
of DR in males of long-lived rat strains and found a consistent S-M 
relationship where parameter a was increased and parameter b was 
decreased (7); in that study, parameter b was reported as mortality 
rate doubling time, calculated as mortality rate doubling time = Ln 
2/b. DR of both protein and sugar in a large cohort of male rats 
(21) caused decreased parameter b, resulting in increased median life 
span, and a coincident increase in parameter a (22), again consistent 
with a S-M relationship. In contrast, recent meta-analyses of DR 
interventions in male and female rodents (including rats and mice) 
have suggested that both parameters a and b are reduced (23) or 
that parameter b is decreased independent of alterations in param-
eter a (24). One possible explanation for the differing conclusions 
regarding mortality rate changes in rodent DR studies is possible 
differences between the responses of rats and mice, where mice are 
generally observed to have a smaller magnitude response (25). In 
addition, the response to DR in mice has been reported to differ in 
sign depending on the genotype (26). Another possibility, suggested 
by the data presented below, is that for certain analyses the S-M rela-
tionship may have been obscured by the pooling of male and female 
data with opposite-sign responses.

When DR was modeled in Drosophila by dilution of both yeast 
(the protein source) and sugar in the media, it produced increased 
median life span of both males and females through a reduction in 
initial mortality rate, with greater effect observed in females (27). 
Notably, the effects on initial mortality rate were largely reversible 
when flies were switched between diets (28,29). Subsequent studies 

revealed the importance of the yeast:sugar ratio and the concentra-
tion of specific nutrients in regulating life span and reproduction 
(30–32). For example, DR as produced by reduction of yeast with 
constant sugar in continuously mated animals yielded increased 
median life span in females but not in males (33). Possible S-M rela-
tionships in Drosophila DR responses remain largely unexplored.

In Drosophila females, mating and the transfer of male seminal 
proteins including sex peptide cause metabolic changes in the female 
that include increased reproduction and decreased median life span 
(34). These changes are generally interpreted as an induced trade-off 
between reproduction and life span, and might result from the diver-
sion of metabolic resources to reproduction and away from somatic 
maintenance pathways required for optimal longevity. We have pre-
viously reported that feeding the drug mifepristone/RU486 to the 
mated females blocked the effects of mating, yielding decreased 
reproduction and median life span increases up to +68% (35). Assay 
of feeding behavior using the same nutrient-rich media and a dye-
uptake assay indicated that mifepristone caused either no change or 
a slight increase in food intake, arguing against a DR mechanism for 
the life-span increase (35). The exact mechanism for mifepristone 
life-span increase is not yet clear; however, because mifepristone is 
a steroid hormone antagonist (36), the results implicate steroid hor-
mone signaling in regulating the trade-off between reproduction and 
life span. Consistent with this idea, steroid hormone signaling has 
recently been shown to regulate adult Drosophila sexual differentia-
tion and a female metabolic state that favors reproduction (37,38). 
The changes in Drosophila life span caused by mating and by mife-
pristone varied dramatically across genotypes, thereby facilitating 
analysis of mortality rates.

Methods

Survival data for multiple Drosophila genotypes, virgin versus mated 
and mated −/+ mifepristone are from Landis et al. (35). Flies were 
of the indicated homozygous genotypes or were the progeny of the 
indicated crosses, presented in the order: male genotype × female 
genotype. In crosses where either of the parental strains contained 
a balancer chromosome, progeny were selected that did not con-
tain the balancer. Drosophila p53 null mutant and control data are 
for the “W” cohort, pooled data, reported in Waskar et  al. (39). 
Drosophila control and DR (yeast and sugar) data are from table 2 
reported by Magwere et al. (27). Drosophila control and DR (yeast) 
data are for individually cultured flies reported by Zajitschek et al. 
(33). Mouse mTOR wild-type and mTORdelta/delta mutant data are 
from Wu et al. (9). G-M modeling was conducted using WinModest 
software (version 1.0.0.1) as previously described (6,40). Briefly, the 
age-specific mortality rate (μx) was calculated using WinModest by 
binning the days over which deaths were counted (e.g., fly deaths 
were recorded every other day) such that μx =  (−ln(Nx + δx/Nx))/δx, 
where Nx is the number of flies alive at day x, δx is the bin size, and 
μx is the mortality rate at day x. Parameters (a, b, c) were calculated 
by WinModest based on a likelihood ratio test. Microsoft Excel was 
used to plot the full model (μx = aebx + c) as the trend line, along with 
data points indicating the calculated values for Ln (μx) at each age 
time point. Re-composed survival curves were generated by fitting 
the data to the Gompertz equation (μx = aebx), that is, omitting any 
age-independent mortality (G-M parameter c). The rebuilt survival 
curves were plotted using Microsoft Excel, using the reverse calcula-
tion of μx as follows: μx = aebx, Px = e-μx, where Px was the probability 
of surviving from age (x) to age (x+1). Percent survival at each day 
(Lx) was calculated as Lx = (Lx−1)(Px−1). For the re-composed survival 
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curves, any value below 0.5% survival was considered to be the final 
data point. Linear regression and additional statistical analyses were 
conducted using R statistical environment (41).

Results

Here, survival data for several life-span interventions were fitted to 
the G-M equation separately for males and females to determine 
which parameters have been altered. Control and experimental 
groups were compared using WinModest software (6), which deter-
mines whether there was a statistically significant change for each 
parameter. In cases where parameter c was not significantly altered 
the analysis was repeated with c constrained and parameter a and 
parameter b were again compared to determine possible significance 
of changes.

A long-lived hybrid genotype generated from two common lab-
oratory strains of Drosophila was analyzed, where mating caused 
a −50% decrease in median life span of females (Figure 1A, left 
panel) (35). The WinModest software was used to calculate G-M 
parameter values, and the natural log mortality rate versus time 
was plotted (Figure 1A, center panel). The trend line represents the 
data fitted to the G-M equation and includes time points where 
finite mortality was measured (indicated by red and blue circles), 

as well as zero values for the time points where no mortality was 
observed (not shown), as well as the parameter c component rep-
resenting age-independent mortality. A re-composed survival curve 
was then generated for the fitted data by excluding age-independent 
mortality (G-M parameter c) and fitting the data to the Gompertz 
equation (Figure 1A, right panel). The G-M modeling revealed that 
mating increased initial mortality rate (parameter a) and decreased 
age-dependent mortality (parameter b), indicating the S-M rela-
tionship (statistical summary in Table  1). The analysis was con-
tinued on a series of 10 additional homozygous and heterozygous 
genotypes generated from common wild-type and transgenic labo-
ratory strains, and where the magnitude of the median life-span 
decrease caused by mating varied from −50% to no effect (35). 
Across the 11 genotypes, a robust S-M relationship was observed 
for the negative effect of mating on life span (Figure 1C, statisti-
cal summary in Supplementary Table S1). Feeding mifepristone to 
the mated females blocked the negative effect of mating on life 
span: mifepristone decreased initial mortality rate (parameter a), 
thereby yielding dramatically increased median life span of +64% 
(Figure 1B; Table 1). At the same time, mifepristone increased age-
dependent mortality (parameter b), again indicating the S-M rela-
tionship. The analysis of mifepristone effects was conducted across 
the same series of 11 genotypes where the effect of mifepristone on 

Figure 1.  Mating and mifepristone interventions in Drosophila reveal a strict S-M relationship across genotypes. (A and B) Left panel, raw survival data. Center 
panel, plot of natural log mortality rate versus time, and trend line for data fitted to the G-M model. Please note that the trend line represents the data fitted to 
the G-M equation and includes time points where finite mortality was measured (indicated by red and blue circles), as well as zero values for the time points 
where no mortality was observed (not shown), as well as the parameter c component representing age-independent mortality. Right panel, reconstructed 
survival curves for data fitted to the Gompertz model. (A) Female Drosophila, virgin versus mated. (B) Female Drosophila, mated −/+ mifepristone feeding. 
Statistical summary for (A and B) in Table 1. (C) Change in parameter a versus change in parameter b for female Drosophila, virgin versus mated, for each of 11 
independent genotypes. Linear regression R[2] = 0.90, significance of predictor p = 6.93e-06. (D) Change in parameter a versus change in parameter b for mated 
female Drosophila, (−) mifepristone versus (+) mifepristone, for each of 11 independent genotypes, 13 independent experiments. Linear regression R[2] = 0.94, 
significance of predictor p = 4.22e-08. Statistical summary for (C and D) in Supplementary Table S1.
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median life span varied from +64% to no effect (35), and again a 
strict S-M relationship was observed (Figure  1D, Supplementary 
Table S1). In the longest-lived starting strains mifepristone also 
decreased parameter a and increased parameter b in virgin females 
(Supplementary Table S1), indicating that in long-lived genotypes, 
the trade-off is already partially active in virgin females prior to its 
activation by mating.

The p53 null mutation was previously found to increase median 
life span of mated female Drosophila, with smaller, more variable 
median life-span increases observed for males (39). G-M modeling 
revealed that in mated females the p53 null mutation decreased ini-
tial mortality rate (parameter a) and increased age-dependent mor-
tality (parameter b) to yield increased median life span, similar to the 
effects of mifepristone, and indicating a S-M relationship (Figure 2A; 
Table 1). In contrast, in male Drosophila, the p53 null mutation had 
the opposite effect: in males the p53 null mutation increased param-
eter a and decreased parameter b (Figure 2B; Table 1), which yields 
a net smaller increase in median life span, than that was observed 
for females, and indicating a S-M relationship with opposite sign. 
Strikingly, a similar pattern of sex-specific parameter changes was 
observed for the life-span increase caused by a hypomorphic mTOR 
mutation in mice. A recent analysis of male and female mTORdelta/
delta mutant mice revealed a statistically significant increase in 
median life span for the combined cohort, as well as for males and 

females analyzed separately (9). Here, the male and female mTOR 
mutant mouse survival data were analyzed separately by G-M mod-
eling. In female mice, the mTORdelta/delta mutation decreased ini-
tial mortality rate (parameter a) to yield increased median life span 
(Figure  2C; Table  1). At the same time, age-dependent mortality 
(parameter b) showed a trend to increase that approached signifi-
cance (p = .051), suggesting a S-M relationship. In contrast, in male 
mice the mTORdelta/delta mutation caused parameter changes in 
the opposite direction, but that did not reach statistical significance 
(Figure 2D, Table 1). In the future, it may be of interest to further 
analyze effects of mTORdelta/delta mutation in male mice using 
larger cohort sizes.

Finally, two different models for DR in Drosophila were ana-
lyzed. In the first DR model, in experiments conducted by Magwere 
et al. (27), both yeast (the dietary protein source) and sugar were 
varied together by dilution of the media, across a range from 0.2X 
to 1.6X relative to a standard 1.0X concentration. They found that 
the median life span of females was maximal at 0.6X, and this was 
interpreted as a life-span increase for females due to DR. Female 
life span was significantly reduced at 0.2X, and this was inter-
preted as a starvation response. In contrast, the median life span 
of males was maximal at 0.4X, and this was interpreted as a life 
span increase for males due to DR. In addition, those authors ana-
lyzed mortality rates by fitting the data to the Gompertz equation 

Table 1.  Statistical Summary

Group Parameter Control Experimental χ2 p χ2 p

Female Drosophila, virgin vs mated c is constrained
A 4.00 × 10–5 5.64 × 10–3 6.432 .011 25.843 <.001
B 1.66 × 10–1 7.31 × 10–2 5.556 .018 14.894 <.001
C 2.06 × 10–9 2.06 × 10–9 0 1

Female Drosophila, mated, (−) drug vs (+) drug c is contrained
A 5.64 × 10–3 3.02 × 10–7 10.505 1.19E-03 35.929 <.001
B 7.31 × 10–2 2.74 × 10–1 10.083 1.50E-03 33.68 <.001
C 2.06 × 10–9 1.85 × 10–3 0.325 .569

Female Drosophila p53+/+ vs p53−/− c is constrained
A 4.0 × 10–5 3.85 × 10–7 18.835 1.43E-05 20.089 <.001
B 2.88 × 10–1 4.04 × 10–1 11.431 7.22E-04 12.046 <.001
C 2.06 × 10–9 9.0 × 10–5 0.064 .801

Male Drosophila p53+/+ vs p53−/− c is constrained
A 4.10 × 10–4 1.28 × 10–3 3.044 .081 7.530 .006
B 2.05 × 10–1 1.23 × 10–1 15.660 7.58E-05 26.358 <.001
C 2.06 × 10–9 1.16 × 10–3 0.445 .505

Female mice mTOR+/+ vs mTORdelta/delta c is constrained
A 2.23 × 10–3 1.00 × 10–4 3.497 .061 5.900 .015
B 1.46 × 10–1 2.32 × 10–1 2.825 .093 3.801 .051
C 2.06 × 10–9 2.06 × 10–9 0 1

Male mice mTOR+/+ vs mTORdelta/delta
A 2.30 × 10–4 4.20 × 10–4 0.099 .753
B 2.76 × 10–1 2.08 × 10–1 0.767 .381
C 2.06 × 10–9 2.06 × 10–9 0 1

Female Drosophila DR (y), 1.0X vs 0.4X
A 1.60 × 10–4 6.14 × 10–7 11.974 <.001 22.039 <.001
B 9.75 × 10–2 1.76 × 10–1 11.073 <.001 19.597 <.001
C 2.80 × 10–3 1.19 × 10–3 1.119 .290

Male Drosophila DR (y), 1.0X vs 0.4X
A 1.60 × 10–4 2.40 × 10–4 0.300 .584 0.300 .584
B 1.24 × 10–1 1.09 × 10–1 1.090 .296 1.172 .279
C 2.06 × 10–9 2.06 × 10–9 0 1

Note: Degrees of freedom equals 1 in each case. DR = Dietary restriction. Bold type indicates statistical significance at p < .05. 
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and found that for both males and females the increase in median 
life span was associated with a decrease in initial mortality rate 
(parameter a), with a greater decrease observed in females than 
in males. Regarding the age-associated acceleration in mortality 
rate (parameter b), they reported a significant increase for females 
at 0.6X concentration relative to the extremes (0.2X and 1.6X), 
and no significant changes for males. This lead them to conclude 
that ‘The rate at which mortality rate accelerates with age does not 
seem to play a significant role in the response of life span to DR or 
to starvation’. However, plotting their reported values for parame-
ter a versus parameter b reveals a robust S-M relationship for both 
sexes across the various concentrations of media (Figure 3A and 
B). Comparison of median life span to mortality rates across the 
various diet concentrations illustrates the S-M inverse relationship 
between parameter a and parameter b for both females and males 
(Figure 3C and D; compare upper and middle panels). As diet con-
centration is varied, the S-M relationship changes in sign at the 
concentration coincident with the minimum value for parameter 

a for each sex: 0.6X for females and 0.4X for males. Because of 
this, a change from 0.6X to 0.4X diet has opposite effects on the 
mortality rate parameters in males versus females. Normalizing the 
values of parameter a and parameter b to the 1.0X diet concentra-
tion illustrates how both the direction of parameter change and 
the magnitude of parameter change can differ between males and 
females as diet is altered (Figure  3C and D; lower panels). This 
presentation also illustrates how the S-M relationship is altered in 
opposite direction as one adjusts the diet above or below the refer-
ence value of 1.0X.

In the second model for DR, in experiments conducted by 
Zajitschek et al. (33), the concentration of yeast was varied with 
the concentration of sugar kept constant. Yeast concentrations 
were varied across concentrations 0.4X, 0.6X, 1.0X and 3.0X. 
In females, increased median life span was observed for 0.4X 
relative to 1.0X indicating a DR response, whereas no significant 
effect was observed for males (33). G-M equation modeling of the 
data revealed that in females, this DR caused decreased parameter 

Figure 2.  Drosophila p53 null mutation and mouse mTOR hypomorphic mutation have sex-specific effects on mortality rates. (A–D) Left panel, raw survival data. 
Center panel, plot of natural log mortality rate versus time, and trend line for data fitted to the G-M model. Right panel, reconstructed survival curves for data 
fitted to the Gompertz model. Statistical summary in Table 1. (A) Female Drosophila p53+/+ versus p53−/−. (B) Male Drosophila p53+/+ versus p53−/−. (C) Female 
Mice mTOR+/+ (WT) versus mTORdelta/delta (KI). (D) Male Mice mTOR+/+ (WT) versus mTORdelta/delta (KI).
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a and increased parameter b (Figure 4A; Table 1), consistent with 
a S-M relationship. Indeed plotting parameter a versus parameter 
b confirmed a robust S-M relationship for females across all four 
yeast concentrations (Figure 4C). In contrast, in males, compar-
ing 0.4X to 1.0X yeast concentration revealed G-M parameter 
changes in the opposite direction but that did not reach statisti-
cal significance (Figure 4B; Table 1). Comparison of median life 
span to mortality rates across the various dietary yeast concen-
trations illustrates the inverse relationship between parameter a 
and parameter b for both females and males (Figure 5A and B; 
compare upper and middle panels). In addition, it can be seen 
how a change from 0.6X to 0.4X has opposing effects on the 
mortality rate parameters in males versus females (Figure 5A and 
B; middle and lower panels). Finally, a summary of all the mortal-
ity rate parameters illustrates the S-M relationship for both mice 
and flies, and the much smaller values for parameter b for mice 
relative to flies (Figure 5C).

Discussion

The analyses presented here demonstrate that several metazoan life-
span interventions (mifepristone, p53 mutation, mTOR mutation, 
DR) can act in females to reduce initial mortality rate (parameter a), 

resulting in increased median life span. Because both mifepristone 
and DR can also reduce reproduction, these similarities suggest that 
these interventions may inhibit a trade-off between health and repro-
duction that is otherwise lethal to low-vitality individuals (model in 
Figure 6A). Coincidently, the age-dependent mortality rate (param-
eter b) was increased, leading to lesser or no increase in maximum life 
span, and indicating the S-M relationship. The S-M relationship indi-
cates population heterogeneity where the same low-vitality individu-
als are preferentially susceptible to both increased initial mortality (as 
caused by trade-offs) and to mortality rate acceleration (Figure 6B).

Evolutionary theory predicts trade-offs between longevity and 
reproductive fitness (42). The generality of this relationship has some-
times been questioned based on the findings that in certain instances 
increases in female life span can be produced without a detectable 
reduction in the number of progeny produced (43). However, the 
magnitude of life-span increases observed in the absence of reduced 
progeny number were generally modest, and reproductive fitness 
may include physiological changes that are costly for survival, but 
not necessarily represented by the number of offspring produced in 
the laboratory, for example, costly metabolic and behavioral changes 
and/or increased quality of offspring. When large-magnitude life-
span increase is produced by DR in female Drosophila, it is typi-
cally associated with decreased number of progeny, consistent with 
a trade-off; however, the molecular mechanism(s) are not yet clear 
(31,44). Notably, life-span extension in female Drosophila due to 
DR (45) and life-span shortening due to mating (46) still occur in 
sterile females, indicating that the trade-off occurs upstream of the 
actual production of eggs.

The results obtained for males were more complex. For DR of both 
yeast and sugar in male Drosophila, the increase in median life span (27) 
was found to be associated with a robust S-M relationship, similar to 
the situation in females, but with smaller magnitude of effect. Notably, 
the diet concentration that produced the minimum value of parameter 
a was different for females (0.6X) compared to males (0.4X). Because 
of this, a change in diet concentration between these values produced 
opposite effects on mortality rate parameters in females versus males. 
A similar situation occurred with DR of yeast when the yeast was varied 
from 0.6X to 0.4X. These data indicate that the different nutrient optima 
of females versus males creates a range of nutrient concentrations where 
dietary interventions produce opposite effects on mortality rates in the 
sexes. Notably, a similar result was obtained for genetic manipulation 
of the p53/TOR pathway. The p53 null mutation in Drosophila (39) 
and the mTOR hypomorphic mutation in mice (9) can increase median 
life span of both males and females. However, the increased median 
life span caused by p53 null mutation in male Drosophila exhibited a 
S-M relationship with opposite sign relative to females, and for mouse 
mTOR mutation, the increase in median life span in males was asso-
ciated with parameter changes that, while not reaching statistical sig-
nificance, were also in the opposite direction relative to the changes in 
females. Notably, this pattern of S-M changes observed in male flies and 
mice (increased parameter a and decreased parameter b) is the same 
direction of S-M changes observed in several previous studies of DR in 
large cohorts of male rats (7,21,22). The negative correlation between 
parameters a and b in both males and females indicates that the S-M 
relationship is observed in both sexes. However, because the direction 
of these changes was sometimes opposite in males relative to females, 
it suggests that the p53/TOR pathway sometimes regulates a trade-off 
in opposite direction in males relative to females (model in Figure 6A), 
similar to the situation observed with DR. The p53 and TOR pathways 
exhibit extensive cross-talk in mammalian cells in regulating metabo-
lism in response to diet, hormonal signals and stress (47), making this 

Figure 3.  Effect of dietary restriction (DR) of both yeast and sugar on male 
and female mortality rates in Drosophila. (A and B) Change in parameter a 
versus change in parameter b across eight media concentrations: 0.2X, 0.4X, 
0.6X, 0.8X, 1.0X, 1.2X, 1.4X, and 1.6X media. (A) Female Drosophila (mated). 
Linear regression R[2] = 0.95, significance of predictor p = 2.67e-05. (B) Male 
Drosophila (mated). Linear regression R[2] = 0.92, significance of predictor 
p = 1.35e-04. (C and D) Change in median life span compared to change in 
mortality rates across the eight media concentrations. Upper panels, median 
life span. Middle panels, natural log value for paramater a (blue circles) and 
natural log value for parameter b (red circles). Lower panels, natural log 
value for paramater a (blue circles) and natural log value for parameter b 
(red circles), with data normalized to the absolute value for the 1.0X media 
concentration. (C) Females. (D) Males.
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pathway a strong candidate for mediating trade-offs between repro-
duction and life span. Indeed in Drosophila, the TOR pathway modu-
lates longevity in response to DR (48,49); however, it is not yet clear if 
TOR signaling is essential for the response (31). Previously, the male 
and female mTOR mutant mice were analyzed together for functional 
metrics of aging and displayed reduced tumor incidence and improved 
gait, memory and muscle strength relative to wild-type mice. In con-
trast, bone structure and immune function were reduced, suggestive of 
possible trade-offs (9). Notably, mating in female Drosophila causes 
reduced resistance to introduced pathogens and chronic inflammation 
(35,50,51). One possibility is that a diversion of resources away from 
normal immune function and towards reproduction renders the female 
less able to control the commensal flora, resulting in chronic inflamma-
tion associated with increased mortality.

The Drosophila interventions DR, mating and mifepristone are 
acting in adult animals, whereas Drosophila p53 mutation and mouse 
mTOR mutation might be acting during development and/or in 
adults. Previous conditional transgenic manipulations indicated that in 
Drosophila, p53 negatively regulates median life span in adult females 
and has smaller, positive effects on median life span in adult males, 
consistent with sexual antagonistic pleiotropy (39,52). The present 
data confirm and extend those observations and reveal that p53 has 
opposing effects on Drosophila mortality rates in males versus females. 
The results demonstrate that a robust S-M relationship is observed for 
multiple metazoan life-span interventions and that under appropriate 

conditions the sign of the parameter changes is opposite in males versus 
females. These results implicate the p53/TOR pathway, steroid hormone 
signaling and diet in sex-specific life-span regulation that may include 
opposing, sex-specific trade-offs between reproduction and life span.

Several previous studies have reported a deceleration in mortality 
rates at the latest ages for organisms including medfly (53), Drosophila 
(54), bean beetle (55) and Caenorhabditis elegans (56). Mortality rate 
deceleration at the latest ages has also been reported for certain human 
populations; however, the possible cause(s) for these observations in 
humans remain controversial (57–60). One hypothesis is that this phe-
nomenon results from population heterogeneity, similar to the S-M 
relationship, such that early loss of the low-vitality individuals leaves 
a population comprised of more robust individuals and a slower mor-
tality rate acceleration (61) (Figure 6B). This heterogeneity might be 
(epi)genetic, because even in inbred animals there may exist cryptic 
heterogeneity in epigenetic patterns and/or maternal contributions 
including mitochondrial genotypes. The related possibility is environ-
mentally induced heterogeneity, resulting from interactions between 
the organism and micro-variation in the environment, as well as sto-
chastic events. Finally, variation in microbial flora might be impor-
tant, as trades-offs between reproduction and immune function could 
potentially cause a lethal loss of control over normally benign com-
mensal species (8,62). Analysis of Caenorhabditis strains genetically 
selected for stress resistance (63) and of C. elegans and Drosophila 
containing reporters of stress response (64–66) have provided evidence 

Figure 4.  Effect of DR of yeast with constant sugar on male and female mortality rates in Drosophila. (A and B) Comparison of 1.0X media to 0.4X media. Left 
panel, raw survival data. Center panel, plot of natural log mortality rate versus time, and trend line for data fitted to the G-M model. Right panel, reconstructed 
survival curves for data fitted to the Gompertz model. (A) Female Drosophila. (B) Male Drosophila. Statistical summary in Table 1. (C and D) Change in parameter 
a versus change in parameter b across four yeast concentrations: 0.4X, 0.6X, 1.0X, and 3.0X. (C) Female Drosophila. Linear regression R[2] = 0.99, significance 
of predictor p = 0.00474. (D) Male Drosophila. Linear regression R[2] = 0.75, significance of predictor p = 0.134. Statistical summary in Supplementary Table S1.
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in support of heterogeneity for aging. Experiments in Drosophila 
designed to modulate environmentally induced heterogeneity did not 
reduce mortality deceleration (67), arguing against environmentally 
induced heterogeneity and in favor of (epi)genetic heterogeneity. Our 
observation of robust S-M relationships in Drosophila in response to 
mating, mifepristone, p53 and DR argues in favor of the existence of 
heterogeneity in the starting population (Figure 6B). The S-M relation-
ship indicates a subset of low-vitality individuals that is preferentially 
susceptible to both increased initial mortality (as caused by trade-offs) 
and to aging; however, the results do not distinguish whether this sub-
set of low-vitality individuals results from (epi)genetic heterogeneity, 
environmentally induced heterogeneity, or some combination.

The present results may help explain certain patterns in human 
mortality. For example, the Bolivian Tsimane are forager-horticultural-
ists with a high pathogen burden: over half of documented deaths are 
from infectious and parasitic disease (68,69). Surprisingly, peripheral 

artery disease is absent and hypertension is reduced in the Tsimane 
relative to U.S. populations (70). One possibility is that loss of low-
vitality individuals from the Tsimane population due to pathogens 
(increased initial mortality rate) yields a relatively robust cohort with 
a reduced rate of aging-associated cardiovascular disease (a S-M rela-
tionship). In humans, a subset of individuals exhibit a geriatric frailty 
syndrome characterized by sensitivity to stressors, chronic inflamma-
tion and increased mortality rate (71,72). Recent longitudinal studies 
of humans found heterogeneity in patterns of the epigenetic marker 
DNA methylation, which were predictive of earlier mortality (73,74). 
Taken together, the results caution that dietary and p53/TOR inter-
ventions might sometimes have opposite effect in men versus women, 
and suggest that identification of the underlying causes of heterogene-
ity may allow for interventions to be tailored to the individual.
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Please visit the article online at http://biomedgerontology. 
oxfordjournals.org/ to view supplementary material.

Figure 5.  Effect of DR of yeast with constant sugar on life span and mortality 
rates, and summary of S-M parameters. (A and B) Change in median life span 
compared to change in mortality rates across the four yeast concentrations: 
0.4X, 0.6X, 1.0X, and 3.0X. Upper panels, median life span. Middle panels, 
natural log value for paramater a (blue circles) and natural log value for 
parameter b (red circles). Lower panels, natural log value for parameter 
a (blue circles) and natural log value for parameter b (red circles), with 
data normalized to the absolute value for the 1.0X media concentration. 
(A) Females. (B) Males. (C) Summary of S-M parameters. Values of Ln(a) 
and Ln(b) are plotted for each of the data sets analyzed. Here the values 
of parameter b for mice were converted from months (as in Figure  2 and 
Table 1) to days, to facilitate comparison to the Drosophila data.

Figure 6.  Model for sex-specific trade-offs and effects on cohort composition. 
(A) Model for sex-specific trade-offs. In female Drosophila, mating caused 
increased initial mortality rate and increased reproduction, consistent with 
an induced trade-off that causes lethality in the lowest-vitality individuals. 
The steroid hormone antagonist mifepristone/RU486 blocked the effects 
of mating, suggesting a role for steroid hormone signaling in the mating 
response. Increased concentration of yeast and sugar in the media also 
caused increased initial mortality rate and increased reproduction in female 
Drosophila, consistent with an induced trade-off. Finally, p53 mutation in 
female Drosophila and mTOR mutation in female mouse both decreased initial 
mortality rate, suggesting a normal role for these genes in diverting resources 
away from pathways important for health. In males, increased concentration of 
yeast and sugar in the media caused increased initial mortality rate, consistent 
with a diversion of resources away from pathways important for health. In 
contrast, p53 mutation in male Drosophila (and potentially mTOR mutation in 
male mouse) was associated with increased initial mortality rate, suggesting 
these genes normally regulate a diversion of resources towards health in 
the male. (B) Model for effect of trade-offs on cohort composition. Trade-
offs between health and reproduction as shown in (A) preferentially cause 
lethality in the lowest-vitality individuals, thereby increasing initial mortality 
rate (parameter a). This leaves a cohort comprised of more robust individuals 
and therefore a slower age-dependent mortality rate acceleration (parameter 
b) (the S-M relationship). Similarly, during normal aging, the preferential loss 
of the lowest-vitality individuals can leave a cohort comprised of more robust 
individuals and a deceleration in mortality rates.
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