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Abstract

Impairments of various aspects of mitochondrial function have been associated with increased lifespan in various model
organisms ranging from Caenorhabditis elegans to mice. For example, disruption of the function of the ‘Rieske’ iron-sulfur
protein (RISP) of complex III of the mitochondrial electron transport chain can result in increased lifespan in the nematode
worm C. elegans. However, the mechanisms by which impaired mitochondrial function affects aging remain under
investigation, including whether or not they require decreased electron transport. We have generated knock-in mice with a
loss-of-function Risp mutation that is homozygous lethal. However, heterozygotes (Risp+/P224S) were viable and had
decreased levels of RISP protein and complex III enzymatic activity. This decrease was sufficient to impair mitochondrial
respiration and to decrease overall metabolic rate in males, but not females. These defects did not appear to exert an overtly
deleterious effect on the health of the mutants, since young Risp+/P224S mice are outwardly normal, with unaffected
performance and fertility. Furthermore, biomarkers of oxidative stress were unaffected in both young and aged animals.
Despite this, the average lifespan of male Risp+/P224S mice was shortened and aged Risp+/P224S males showed signs of more
rapidly deteriorating health. In spite of these differences, analysis of Gompertz mortality parameters showed that Risp
heterozygosity decreased the rate of increase of mortality with age and increased the intrinsic vulnerability to death in both
sexes. However, the intrinsic vulnerability was increased more dramatically in males, which resulted in their shortened
lifespan. For females, the slower acceleration of age-dependent mortality results in significantly increased survival of
Risp+/P224S mice in the second half of lifespan. These results demonstrate that even relatively small perturbations of the
mitochondrial electron transport chain can have significant physiological effects in mammals, and that the severity of those
effects can be sex-dependent.
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Introduction

Mitochondrial oxidative phosphorylation is essential to aerobic

organisms, as it provides the bulk of usable energy in the form of

ATP. In humans, mitochondrial defects are often studied in the

context of severe deficits in function, resulting in serious negative

health consequences. These mitochondrial diseases can be caused

by mutations to a wide variety of mitochondrial and nuclear-

encoded genes [1,2]. Impairments of mitochondrial function have

also been found to accompany numerous age-dependent diseases,

such as atherosclerosis, type 2 diabetes and various neurodegen-

erative disorders [3–5], as well as aging in general, even in the

absence of overt disease. This has led to a widespread belief that

mitochondrial dysfunction plays a causative role in aging [6].

However, a variety of interventions that impair mitochondrial

function in model organisms have been shown to be capable of

increasing lifespan. In fact, one of the very first aging genes to be

identified in the nematode worm Caenorhabditis elegans was clk-1,

which encodes a conserved mitochondrial enzyme required for the

biosynthesis of ubiquinone, a crucial electron carrier of the

mitochondrial electron transport chain (ETC) [7,8]. Since then,

several mutations that affect mitochondrial proteins have been

found to increase lifespan, including mutations in subunits of the

complexes of the mitochondrial respiratory chain [9–11]. In

addition, RNA interference (RNAi) against various components of

mitochondria, including respiratory chain subunits, have also been

shown to extend lifespan [11–14], albeit by a mechanism that

appears to be different from that triggered by the mutations [11].

In the past few years, longevity-promoting effects of mitochon-

drial dysfunction have also been found in other species. RNAi

knockdown of components of the mitochondrial electron transport

chain has been shown to extend lifespan in Drosophila [15], and two

genetic interventions causing limited mitochondrial dysfunction

have been found to increase lifespan in mice: (1) the knockout of

Surf1, encoding a cytochrome c oxidase assembly factor [16] and

(2) heterozygosity for Mclk1 (Mclk1+/2), the mammalian homo-

logue of the C. elegans aging gene clk-1 [17,18]. It therefore appears

that the ability of mitochondrial impairment to extend lifespan is

conserved across species.

Although the effect of mitochondrial dysfunction on longevity

tentatively appear to be conserved, the underlying mechanisms

remain unclear. For example, in mice, both Surf1 knockouts and

Mclk1 heterozygotes have impaired ETC activity, as expected from

the known functions of the genes [16,19]. However, knocking out

Surf1 did not affect mitochondrial membrane potential, leading

investigators to suggest that alterations to mitochondrial bioener-

PLoS ONE | www.plosone.org 1 October 2011 | Volume 6 | Issue 10 | e26116



getics may not lie behind the increased lifespan. Their finding of

increased longevity is also complicated by the facts that (1) another

line of Surf1 knockout mice is dramatically short-lived [20] and

(2) Surf1 mutations have severe negative health effects in humans

[21]. In contrast to Surf1 knockout mice, long-lived Mclk1+/2 mice

exhibit clear mitochondrial dysfunction characterized by impair-

ments to both ETC activity and mitochondrial respiratory rate.

However, it is difficult to single out the ETC defect as the cause for

the observed extension of lifespan in these mice because of (1) the

importance of ubiquinone for other systems beyond the ETC [22]

and (2) Mclk1+/2 mice show widespread changes in levels of

oxidative stress, which has the potential to effect lifespan [19,23].

The ‘Rieske’ iron-sulfur protein (RISP, also known as the

ubiquinol-cytochrome c reductase rieske iron-sulfur polypeptide 1,

UQCRFS1) is one of the core components of the ubiquinol-

cytochrome c reductase (complex III) of the mitochondrial electron

transport chain. RISP contains a 2Fe-2S prosthetic group that

accepts a single electron from ubiquinol and then transfers it to the

cytochrome c1 subunit, from which it is transferred to cytochrome

c [24,25]. The protons obtained from the oxidation of ubiquinol

are transferred to the inter-membrane space, thereby contributing

to the proton-motive force required for the phosphorylation of

ADP to ATP. A mutation in isp-1, the C. elegans homologue of Risp,

extends lifespan [9]. The life-extending isp-1 mutation is a single

base substitution that changes a conserved proline into a serine.

The affected proline is close to the residues that hold the 2Fe-2S

group in place, and may therefore play an important structural

role [26]. There is some evidence that the mutant protein retains

partial function: residual NADH-cytochrome c reductase enzy-

matic activity and cyanide-sensitive oxygen consumption of whole

worms suggests that the ETC is not completely inhibited [9,11].

In order to better understand how mitochondrial function can

modulate lifespan in mammals we have generated a ‘‘knock-in’’

mouse strain that carries a proline-to-serine point mutation

(P224S) at the same conserved proline as in the C. elegans long-

lived isp-1 mutant. Manipulating Risp should affect ETC activity

very directly in contrast to Surf12/2 and Mclk1+/2 mice. We found

that the RispP224S allele is homozygous-lethal in mice but that

heterozygous mice (Risp+/P224S) had lower RISP protein levels as

well as partially impaired complex III activity and lower

mitochondrial oxygen consumption. When young, these mice

exhibited no overt health deficits. We also observed no effects on

biomarkers of oxidative stress at any age. Yet, Risp+/P224S males

had a decreased average lifespan relative to wild-type littermates.

In contrast, the average lifespan of Risp+/P224S females was

unaffected. However, those mutant females that survived up to

the wild-type median lifespan subsequently lived significantly

longer on average than the remaining wild type females. In spite of

these lifespan differences between the sexes, analysis of Gompertz

parameters showed that Risp heterozygosity decreased the rate of

increase of mortality with age and increased the intrinsic

vulnerability to death in both sexes. However, the intrinsic

vulnerability was increased more dramatically in males, which

resulted in their shortened lifespan.

Results

Homozygous RispP224S/P224S mice are not viable but
heterozygous Risp+/P224S mice are healthy and fertile

We used the techniques of homologous recombination in

embryonic stem cells and Flp/FRT site-specific recombination to

generate a line of mice carrying a Risp mutation identical to that

found to increase lifespan in C. elegans (see Materials and Methods).

The mice carried a Risp allele with the same proline-to-serine

change at a conserved proline that is mutated in isp-1(qm150)

mutant worms. The only other difference between the knock-in

allele and the wild-type is the single FRT site remaining

downstream of the Risp gene. We hoped that residual functionality

of the mutant protein, similar to what was found in C. elegans,

would allow for the production of viable homozygous mice. How-

ever, none out of almost 200 offspring of Risp+/P224S6Risp+/P224S

matings were found to be homozygous for the knock-in allele,

indicating that the mutation is homozygous-lethal in mice.

Supporting this, the ratio of wild-type versus heterozygotes fits

the Mendelian ratio expected if the one-quarter of offspring that

are homozygous are not viable (38:62 percent, p.0.05 vs. an

expected ratio of 33:66 by the chi-square test). We did not

investigate the lethality phenotype further.

Subsequent breeding was carried out with Risp+/P224S males

being mated to Risp+/+ females. These crosses resulted in the

expected Mendelian ratio (50:50 for wild-type:heterozygotes,

p.0.05 by the chi-square test), suggesting that Risp+/P224S mice

do not suffer from significant embryonic lethality. Several tests of

physical and neurological performance (motor coordination,

motor learning, running speed and male fertility) revealed no

effect of Risp heterozygosity on young mice (Figure 1), and body

and organ weights were the same as wild-type (Table S1). To

obtain a rough measure of female fertility, we compared the

breeding records for crosses of heterozygous males to wild-type

females with those for crosses of heterozygotes with heterozygotes

(correcting for the absence of homozygous mutant mice). By this

measure, no deleterious effect of Risp heterozygosity on female

fertility was observed (wild-type female breeders produced 2264.4

offspring vs. 24.964.2 from heterozygous breeders).

Figure 1. Young (3 months old) Risp+/P224S mice have unim-
paired physiological performance. The sex of the mice (F for
female, M for male), as well as the type of test, are indicated below each
bar. Mice were tested for motor coordination (average of 3 trials after 2
days of training on a Rota-Rod), motor learning (Rota-Rod performance
on day 3 relative to day 1), running speed (the maximum speed mice
could maintain on a powered treadmill) and male fertility (number of
pups sired by Risp+/P224S males with wild-type females). All measure-
ments were made in wild-type/heterozygote littermate pairs, and
results are expressed as the effect of Risp heterozygosity relative to
wild-type within each pair. Sample sizes (number of littermate pairs) are
shown superimposed on each bar. Actual (not normalized) values are
shown in Table S2.
doi:10.1371/journal.pone.0026116.g001
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Decreased RISP protein and complex III enzymatic
activity in Risp+/P224S mice

Mitochondria isolated from the liver of young adult Risp+/P224S

mice were found by western blotting to contain less RISP protein

than wild-type controls (Figure 2A). Although quantification by

western blotting is known to have its limitations, we estimated that

the level of RISP in Risp+/P224S mutants was reduced to two-thirds

of the wild-type level (Figure 2B). These observations suggest that

the mutant RISP is unstable, or that complexes that incorporate

mutant RISP are turned over more rapidly. This is consistent with

the finding that Risp point mutations in this polypeptide stretch

decrease the steady state level of RISP protein in the yeast

Saccharomyces cerevisiae [26].

The enzymatic activity of complex III in the liver of adult

Risp+/P224S mutants was decreased by 20 and 15 percent in males

and females, respectively (Figure 2C). The activity was decreased by

21 percent in the hearts of males (Figure 2C) (female hearts were not

examined). Thus the levels of decrease in RISP protein and complex

III enzymatic activity in Risp+/P224S mice appear to be of a

comparable magnitude. This suggests that RISP is limiting for

complex III activity, and that the decrease in complex III activity is

likely not due to incorporation of mutant protein in the complex.

To determine if the impact of the mitochondrial deficit of RISP

in Risp+/P224S mice was specific to complex III as expected, we

measured the enzymatic activities of complexes I, II and IV in

mitochondria extracted from liver and that of complex I and IV in

mitochondria extracted from heart. The activities of these

complexes were not affected by Risp heterozygosity, neither up-

nor down-regulated (Figure 2C). Thus, the decrease in complex III

enzymatic activity is likely to be the sole cause of the phenotypes

we describe below.

A substrate-dependent decrease in liver mitochondrial
respiration in Risp+/P224S mice

We isolated mitochondria from livers of young and aged mice (3

months and 2 years old, respectively) and measured their rate of

oxygen consumption to determine if the deficit of complex III

activity described above could affect overall oxidative phosphor-

ylation. Actively respiring mitochondria, in the presence of non-

limiting amounts of ADP and substrate, are said to be in state 3.

We found that state 3 respiration was not affected when the

substrates provided to mitochondria supplied electrons to complex

I via NADH (glutamate + malate; in Figure 3 this situation is noted

as I-III-IV to indicate the path followed by electrons through the

ETC). This was true for mitochondria from the liver of both young

and old mice (Figure 3A and 3C; the difference in form between

graphs for young and aged mice is because littermate pairs could

be analyzed for young, but not old, mice as described in Materials

and Methods). In contrast, state 3 respiration supported by

succinate, which donates electrons directly to complex II (II-III-IV

pathway), was significantly decreased by 10 to 13 percent in

mitochondria of Risp+/P224S mice. The effect did not reach

statistical significance in 2-year-old Risp+/P224S males, but was

clearly apparent as a trend, and was similar in magnitude to that

observed in the aged Risp+/P224S females (Figure 3C). We used the

ubiquinol-analog duroquinol (DQ) [27] to donate electrons

directly to complex III (III–IV pathway), and therefore obtained

a state 3 that is independent of both complexes I and II. State 3

respiration was decreased with DQ as substrate in young and old

mice (Figure 3A and 3C). Therefore, the complex III impairment

described above is sufficient to impair mitochondrial function, but

the effect is substrate-dependent. We also measured oxygen

consumption of mitochondria from heart. In this tissue, there was

no effect of Risp heterozygosity, regardless of sex or substrate used

(Figure 3B). Average respiratory control ratios were not affected by

genotypes, and ranged from 5.0–9.4 for glutamate and malate,

3.4–9.4 for succinate, and 4.4–16.0 for duroquinol, indicating that

mitochondria in our preparations were well-coupled and intact

(Table S3).

Metabolic rate is lowered in young male Risp+/P224S mice
The tissue- and substrate-specificity of the effect on mitochon-

drial respiration that we observed raised the question of whether

or not the complex III defect of Risp+/P224S mice would have an

physiological effect in vivo. We therefore sought to determine

whether the overall metabolic rate of Risp+/P224S mutant mice was

in fact affected by the mutation. Metabolic rate can be calculated

from O2 consumption and CO2 production (i.e., indirect

calorimetry). Indirect calorimetry offers a physiological measure

of mitochondrial energy metabolism, since at least 90 percent of

whole body oxygen consumption is mitochondrial in nature [28].

Metabolic rate over a 24-hour period was decreased by 7 percent

in young Risp+/P224S male mice (p = 0.047); it was decreased by 5

percent in young females, although the difference did not reach

statistical significance (Figure 4A and 4B). There was also a non-

significant trend for a decrease in aged mutant mice, both males

and females, for at least parts of the 24 hour cycle (Figure 4C and

4D). The respiratory exchange ratio (RER), the ratio between O2

Figure 2. Young Risp+/P224S mice have decreased RISP protein and complex III enzymatic activity. (A) A representative western blot
showing RISP protein levels in mitochondria isolated from liver of 3-month-old female adults. A wild-type/heterozygous littermate pair is shown (‘m’
denotes the knock-in mutant allele P224S). (B) Densitometry was used to quantify RISP relative to porin. All measurements were made in wild-type/
heterozygote littermate pairs, and results are expressed as the effect of Risp heterozygosity relative to wild-type within each pair. (C) Enzymatic
activity of complexes of the mitochondrial ETC (complex I, II, III or IV) was determined in disrupted mitochondria, using appropriate substrates and
inhibitors to isolate the activity of each complex. All measurements were made in wild-type/heterozygote littermate pairs, and results are expressed
as the effect of Risp heterozygosity relative to wild-type within each pair. All results are for male mice, except where indicated (as F, for female). Actual
densitometry values for (A) and enzymatic activities for all samples (C) are shown in Table S2. Sample sizes (i.e., number of wild-type/heterozygous
littermate pairs) are shown superimposed on each bar. ‘**’ denotes p = 0.001 to 0.01 and ‘***’ denotes p,0.001 vs. 1.0.
doi:10.1371/journal.pone.0026116.g002
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consumption and CO2 production indicates whether carbohy-

drates or fatty acids are being used as metabolic fuels, The RER

was not affected by Risp heterozygosity (results not shown). Thus,

the impairment of complex III activity due to Risp heterozygosity

can result in a physiologically significant impairment of mito-

chondrial function in vivo in young male mice, but we could not

obtain strong statistical evidence for such an effect in females or

aged mice.

Biomarkers of oxidative stress are not affected by Risp
heterozygosity

Some form of accumulated damage is widely accepted as the

causative factor behind aging. Oxidative stress, in particular

reactive oxygen species (ROS) generated by the mitochondria, is

often implicated (reviewed in [29]). Given the known tendency for

inhibition of the ETC to increase mitochondrial ROS production

[30], we wondered if Risp heterozygosity would induce oxidative

stress. To answer this question, we measured several biomarkers of

oxidative stress, in different cellular compartments and at different

ages (Figure 5). Protein carbonylation (a product of oxidative

modification to proteins) was not affected in the mitochondria or

cytosol of Risp+/P224S mice of either sex at both young and old

ages. Aconitase is an enzyme of the tricarboxylic acid cycle that is

reversibly inactivated by ROS and is often used as a measure of in

Figure 3. Oxygen consumption of isolated mitochondria in
Risp+/P224S mice. Electron paths due to the combination of substrate
and inhibitors used are indicated below each bar, as well as the sex (F
for female, M for male). (A) Mitochondria isolated from liver of 3-month-
old mice. All measurements were made in wild-type/heterozygote
littermate pairs, and results are expressed as the effect of Risp
heterozygosity relative to wild-type within each pair. (B) Mitochondria
isolated from heart of 3-month-old mice. All measurements were made
in wild type/heterozygote littermate pairs, and results are expressed as
the effect of Risp heterozygosity relative to wild-type within each pair.
(C) Mitochondria isolated from liver of 2-year-old mice. Due to the low
probability of both members of wild-type/heterozygote littermate pairs
surviving to this age, comparisons were made between the complete
group of mice of each genotype. Actual values for (A) and (C) are shown
in Table S2. Values for state 4 respiration and respiratory control ratio
(state 3/state 4) are shown in Table S3. For all figures, sample sizes are
shown superimposed on each bar. ‘*’ denotes p = 0.01 to 0.05 vs. 1.0 or
wild-type control, ‘#’ p = 0.097 vs. 1.0.
doi:10.1371/journal.pone.0026116.g003

Figure 4. Metabolic rate as assessed by indirect calorimetry per-
formed over a 24 hour period. The dark period is shaded. (A) Metabolic
rate for 3-month-old female mice (n = 13). (B) Metabolic rate for 3-month-old
male mice (n = 12). (C) Metabolic rate for 2-year-old female mice (n = 19 and
21). (D) Metabolic rate for 2-year-old male mice (n = 17 and 18).
doi:10.1371/journal.pone.0026116.g004
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vivo oxidative stress [31]. Mitochondrial aconitase activity was not

affected in young Risp+/P224S mice (it was not measured in old

mice). Since it is not feasible to assay every tissue, we also

determined the concentration of plasma F2-isoprostanes (a product

of lipid peroxidation) and 8-OHdG (a product of DNA oxidation)

as biomarkers of systemic oxidative stress [32], which have been

previously shown to be affected in Mclk1+/2 mice [17]. However,

neither was found to be affected by Risp heterozygosity (F2-

isoprostanes were only measured in female mice). Thus, it appears

that the decreased complex III activity characterizing Risp+/P224S

mice does not affect the level of oxidative stress in young or old

mice.

Effect of Risp heterozygosity on lifespan
We allowed a group of male and female Risp+/P224S and +/+

mice to live out their natural lifespan (Figure 6, Table S2). Wild-

type males and females had median lifespans of 850 and 806 days

respectively, comparable to what has been previously reported for

mice on the C57BL/6 background [33–35]. Lifespans are often

analyzed by comparing survival curves (as shown in Figure 6A and

6B). However, we took advantage of the fact that, because we

study heterozygotes and use littermates as controls, all mice in the

survival experiment had littermates of the opposite genotype. By

comparing the average lifespans of wild-type and heterozygous

littermates we determined the effect of Risp heterozygosity on

lifespan within each litter, thereby accounting for inter-litter

variability. By this measure, it was clear that Risp+/P224S males had

an average lifespan 10 percent shorter than wild-type (Figure 6B,

inset). In fact, in only 1 out of 13 litters did Risp+/P224S mice have a

greater average lifespan than their wild-type littermates. There was

no significant effect of Risp heterozygosity on average female

lifespan within litters (Figure 6A, inset). Thus, lifespan is affected in

a sex-specific manner in Risp+/P224S mice: average lifespan is

shortened in males, and unaffected in females.

By visual inspection of the survival curves, Risp heterozygosity in

females appeared to exert a beneficial effect on survival in the

latter half of the lifespan. In fact, among mice that survive until the

median wild-type lifespan, female Risp+/P224S mice will live 9%

longer than wild-type (Figure 6C, p = 0.02 by log-rank test).

Conversely, Risp heterozygosity appeared to exert its detrimental

effect on survival of males in the earlier part of the survival curve

(Figure 6D). Thus, the rate at which the risk of death increases

with age appears to be decreased for both sexes in Risp+/P224S mice

relative to wild-type. To test this, we fit the survival curves to the

Gompertz function, which is commonly used to compare the

mortality kinetics of different populations [36]. The Gompertz

function yields two parameters, A and k, representing the intrinsic

vulnerability to death (A) and the rate of acceleration of mortality

with age (k). By this analysis, both female and male Risp+/P224S

mice have an increased intrinsic vulnerability (represented by the

y-intercept of Figure 6E and 6F), coupled with a decreased age-

dependent mortality rate acceleration (represented by the slope)

(both significant at p,0.05).

Performance and pathology of aging mice
Aside from lifespan, the age-dependent decrease of health and

physical performance is another important measure of aging [37].

To determine if Risp+/P224S mice age differently from wild-type we

measured various indicators of performance and health in aged

animals (2 years old). The maximum treadmill running speed (see

Materials and Methods) of aged Risp+/P224S mice was not affected

(Figure 7A). However, we found that aged Risp+/P224S males had

impaired motor learning, coinciding with a trend for impaired

motor performance (Figure 7A). Aged mice were also subjected to

a simple test of grip strength and balance. This was done by

measuring the time which they could hold themselves suspended

beneath a wire grid. Risp heterozygosity appeared to increase grip

strength in females and decrease it in males, but the differences did

not reach statistical significance. However, Risp heterozygosity

created a significant difference between males and females that

was not present in wild-type mice, with a protective effect in

females relative to males (Figure 7B). This is consistent with the

relative effects of Risp heterozygosity on lifespan that we reported

above.

Although mice were not subjected to a comprehensive necropsy,

any evidence of gross pathology was noted at sacrifice. Several

mice were found to have enlargements of one or more lymph

nodes, symptomatic of lymphoma, the major age-related neoplas-

tic pathology accounting for death in C57BL/6 mice [38–40].

Among apparently healthy mice sacrificed at 2 years of age,

Risp+/P224S females appeared less likely to be affected by the

condition than wild-type controls, although due to the relatively

small number of animals affected this difference did not reach

statistical significance (5/19 wild-type vs. 1/21 heterozygotes,

Figure 5. Biomarkers of oxidative stress are not affected by Risp heterozygosity. Various biomarkers of oxidative stress (enzymatic activity
of aconitase, protein carbonylation, 8-OHdG and F2-isoprostanes) were measured in mitochondria, cytosol or plasma of young or old mice, as
indicated. The sex of the mice is indicated below each bar (F for female, M for male). Values were normalized to a wild-type value of 1. Sample sizes
are shown superimposed on each bar. Actual (not normalized) values are shown in Table S2.
doi:10.1371/journal.pone.0026116.g005
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p = 0.08 by Fisher’s exact test). These mice all appeared outwardly

healthy, with normal performance on the treadmill, Rota-Rod,

and hanging-grid tests, indicating that the disease was at a

relatively early stage. Since we did not conduct a complete analysis

of pathology, it is possible that Risp+/P224S mice suffer from (or are

protected from) other pathological conditions that went undetect-

ed in our study.

Body and organ weights were recorded at sacrifice of young and

aged mice (Table S1). Brains from aged Risp+/P224S female mice

weighed more than those from wild-type controls (0.4960.004 vs.

0.4760.008 g, p = 0.036); in contrast, brains from male Risp+/P224S

mice weighed less than wild-type controls (0.4760.007 vs.

0.4860.004 g, p = 0.054). It is tempting to attribute this to a

protective (female) or detrimental (male) effect of Risp heterozy-

gosity against an age-related neurodegenerative process. For

example, an age-dependent decrease of brain weight associated

with neurodegeneration has been previously observed in a mouse

model of accelerated aging [41]. Since brain weight was increased

relative to that of young mice in all conditions, it is possible that

this effect is due to differences in growth. However, there did not

appear to be a generalized effect of Risp heterozygosity on growth:

the weights of other organs were not affected in young or old mice,

nor were overall body weights. Likewise, Risp+/P224S mice of both

sexes reached the same maximum body weights at the same age as

Figure 6. Lifespan and aging of Risp+/+ and Risp+/P224S mice. (A) and (B) Effect of Risp heterozygosity on survival of female (15+/+ and 16+/P224S

mice) and male (17+/+ and 24+/P224S) mice. Insets show the relative effect of Risp heterozygosity within litters. Each point therefore represents the
average lifespan of all heterozygotes within a litter divided by the average lifespan of their wild-type littermates. By this measure, Risp heterozygosity
shortened lifespan by 10 percent in males (p = 0.0037), with little effect in females. (C) and (D) show the remaining lifespan of Risp+/+ and Risp+/P224S

female and male mice that have survived to the median wild-type lifespan, indicated by the vertical dashed line (806 and 850 days for females and
males, respectively). (E) and (F) Gompertz mortality curves for female and male mice. Both Gompertz parameters (the intrinsic vulnerability to death
A, the y-intercept, and the age-dependent acceleration of mortality rate k, the slope) are statistically significantly different (p,0.05).
doi:10.1371/journal.pone.0026116.g006
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wild-type controls (Table S1). However, Risp+/P224S males exhibit-

ed a higher rate of aging-related weight loss (6.260.7 vs. 9.261

months for controls to lose 10 percent of peak weight,

p = 0.016).

Discussion

A small loss of activity of complex III is sufficient to alter
mitochondrial function

Several studies have used pharmaceutical inhibitors to show that

inhibition of greater than 40–80 percent of complex III activity is

required to substantially compromise respiratory function of

mitochondria from various tissues [42–45]. This would imply that

a complex III enzymatic deficiency of between 15 and 21 percent, as

we observed in Risp+/P224S mice, should not affect mitochondrial

function or produce in vivo effects. Although we found that

mitochondrial oxygen consumption supported by glutamate +
malate was not affected in mitochondria isolated from these mice,

we found that succinate- and duroquinol-supported oxygen con-

sumption of liver mitochondria was in fact decreased. In addition, this

decrease in complex III activity was sufficient to significantly decrease

the overall metabolic rate of young mutant males. Thus, it appears

that complex III activity can be rate-limiting in vivo, and that

pharmaceutical inhibition of the ETC in vitro may not completely

mimic the effects of genetic variation on mitochondrial function.

It is unclear why succinate or duroquinol-supported respiration

is particularly sensitive to a deficit in complex III. We hypothesize

that this is related to the increased rate of O2 consumption (and

therefore electron transfer) supported by these substrates, relative

to glutamate + malate (apparent in Figure 3C). By this reasoning,

the maximum rate of electron transfer supported by complex III

from Risp+/P224S mice falls above that required for glutamate +
malate supported respiration, but below that required for

respiration supported by succinate or duroquinol. A similar effect

has been reported previously, with succinate-supported mitochon-

drial respiration proving more sensitive to pharmaceutical

inhibition of complex III than respiration supported by glutamate

+ malate [42].

Although Risp heterozygosity decreased complex III activity in

heart mitochondria (Figure 2C), there did not appear to be any

effect on mitochondrial oxygen consumption in this tissue,

regardless of substrate used (Figure 3B). Interestingly, Mclk1+/2

mice, with impaired electron transport between complexes I and

III, show a similar phenotype: mitochondria from Mclk1+/2 liver

show decreased respiration, whereas mitochondria from heart are

not affected [19].

The response to ETC dysfunction is sex-dependent
Although the effects of Risp heterozygosity on enzymatic activity

and mitochondrial oxygen consumption were comparable be-

tween sexes, metabolic rate was decreased to a greater extent in

males than females. This coincided with a detrimental effect on

male lifespan and with no effect on overall female lifespan. Sex-

specific effects due to impairments of oxidative phosphorylation

are not uncommon, with both male and female mice being

reported as more severely affected by mitochondrial defects of

similar magnitude [46–48]. Other, non-mitochondrial, interven-

tions that affect lifespan have also been shown to be sex-specific.

For example, impairment of the insulin/insulin-like signaling

pathway in mice has been found to extend lifespan to a greater

extent in females than males [49,50].

It is striking that, although the effects on overall lifespan were

different between the sexes, the effects on the Gompertz mortality

rate parameters were similar: in both sexes, the presence of the

P224S mutation increased vulnerability to death in the first part of

the lifespan, while decreasing it in the later part. This effect was

significant enough to result in an increased survival of Risp+/P224S

females that survive to the median wild-type lifespan (Figure 6C).

This, along with the fact that the five longest-lived female mice

were all heterozygous (i.e., almost one-third of heterozygous mice

lived longer than any of their wild-type controls), suggests an

increased maximum lifespan of Risp+/P224S females. Furthermore,

the log-rank p-value for the effect of Risp heterozygosity on female

survival (Figure 6A) was 0.073, approaching statistical significance.

It is therefore possible that future experiments with a greater

sample size will reveal a more robust lifespan-extending effect of

Risp heterozygosity in female mice.

The different effects on overall lifespan appear to be due to the

greater increase in the intrinsic vulnerability to death of

heterozygous males, relative to heterozygous females (Figure S1).

It goes without saying that a major goal of future research must be

to determine the reasons for these differences between the sexes.

A sub-clinical impairment of ETC function can shorten
mammalian lifespan

Severe mitochondrial dysfunction – mitochondrial disease – is

known to have a negative impact on health, and can dramatically

shorten lifespan [1,2]. Although Risp+/P224S mice exhibit a

measurable degree of mitochondrial dysfunction at a biochemical

level, they don’t exhibit any clinical signs of mitochondrial disease

– for example, they perform as well as wild-type when forced to

run at high speeds on a treadmill, and show no impairments to

motor coordination or motor learning when young (Figure 1). A

milder, age-dependent mitochondrial dysfunction has also been

implicated in the aging process itself [6]. Our finding of a

shortened lifespan in Risp+/P224S males with mild mitochondrial

dysfunction, in the absence of apparent signs of mitochondrial

disease, is compatible with that view. Metabolic rate, as an in vivo

measure of mitochondrial function, was decreased most dramat-

ically in young Risp+/P224S mice, which we found to be short-lived.

In contrast, there were no statistically significant effects on

metabolic rate in young Risp+/P224S female mice or in aged mice

Figure 7. Performance of aged Risp+/P224S mice. The sex of the
mice (F for female, M for male), as well as the type of test, are indicated
below each bar. (A) Various measures of performance in aged, 2-year-
old mice, including motor coordination (average of 3 trials after 2 days
of training on a Rota-Rod), motor learning (Rota-Rod performance on
day 3 relative to day 1), and running speed (the maximum speed mice
could maintain on a powered treadmill). Because aged mice were not
sacrificed in wild-type/heterozygous littermate pairs, values were
normalized to a wild-type value of 1. (B) Grip strength (duration for
which mice are capable of hanging suspended below a metal grid) for
aged mice. Values were normalized to female wild-type. ‘*’ denotes
p = 0.01 to 0.05 and ‘***’ denotes p,0.001 verses wild-type controls.
Sample sizes are shown superimposed on each bar. Actual (non-
normalized) values for (A) and (B) are shown in Table S2.
doi:10.1371/journal.pone.0026116.g007

Mitochondrial Electron Transport and Lifespan

PLoS ONE | www.plosone.org 7 October 2011 | Volume 6 | Issue 10 | e26116



of either sex. Since Risp heterozygosity does not shorten lifespan in

young females nor in aged females and males (Figure 6A, 6C and

6D), this is also consistent with a role for mitochondrial

dysfunction in the shortened lifespan of Risp+/P224S male mice.

Surf12/2 [16] and Mclk1+/2 mice [17,18] do not appear to

exhibit a lesser degree of mitochondrial dysfunction relative to

Risp+/P224S mice, yet are long-lived. For example, Mclk1+/2 mice

exhibit decreased mitochondrial respiration with glutamate and

malate in addition to succinate, and show increased levels of ROS

damage [19]. Mclk1+/2 mice also have a greater decrease in

overall metabolic rate relative to Risp+/P224S mice (unpublished

results). Although neuronal mitochondrial membrane potentials

were unaltered in Surf12/2 mice, the effect on complex IV activity

within heart and muscle tissue was within the range previously

shown to impair mitochondrial function [43], and was substan-

tially greater than the enzymatic impairments that characterize

both Risp+/P224S and Mclk1+/2 mice. Thus, the nature of the

disruption of ETC activity may modulate the effects on lifespan.

We have previously proposed that at least in some situations

mitochondrial ROS acts as an intracellular messenger that

activates stress-response mechanisms which can prolong lifespan

in worms and in mice [23,51]. The fact that Risp+/P224S mutants

do not display increased ROS, at least as measured by markers of

oxidative damage, is likely important in generating the lifespan

effects that we observed.

Finally, in human mitochondrial diseases, the activity of one or

more ETC complex is typically decreased to a much greater extent

than the 14–22 percent we observed in Risp+/P224S mice. For

example, individuals with an impairment of complex III due to

mutations in the nuclear encoded gene BCS1L (involved in

complex III assembly) were found to have lost 60–90 percent of

complex III activity in affected tissues [52]. Liver complex III

activity of affected individuals was found to be 53–64 nmo-

les mg21 min21, whereas that of apparently healthy control

individuals ranged from 89 to 335 nmoles mg21 min21. Healthy

individuals thus appeared to display a very wide range of levels of

activities compatible with good health. Risp+/P224S mice also

appeared outwardly healthy. However, the relatively minor

decrease in complex III activity was sufficient to affect lifespan.

This would suggest that, while people at the lower end of the

control range may indeed have no clinical symptoms, their

relatively low levels of ETC activity (analogous to the mild

mitochondrial dysfunction of Risp+/P224S mice) could have

important consequences for their long-term health and lifespan.

Materials and Methods

Creation of Risp+/P224S knock-in mice
Long-lived isp-1(qm150) worms contain a C to T transition,

resulting in the conversion of proline 225 to serine [9]. ‘‘Knock-in’’

mice with the equivalent amino acid change (proline 224 to serine,

in the second of the two Risp exons) were created by Ingenko

(Australia). To do this, homologous recombination was used to

replace the proline 224 codon CCC with TCG in C57BL/6

embryonic stem (ES) cells. A neomycin cassette flanked by Flp

recombinase recognition target (FRT) sites located 0.7 kb 39 of the

final exon served as a selection marker. Selected ES cells were

treated with Flp recombinase to excise the neomycin cassette; this

excision was confirmed by PCR. These ES cells were microin-

jected to produce mice heterozygous for the Risp+ and RispP224S

alleles. Sequencing of the translated region of exon 2 from

Risp+/P224S mice confirmed the presence of the introduced point

mutations, and that there was no further divergence from the wild-

type and published sequences. However, sequencing of the

remaining FRT site 39 of the Risp gene revealed that 33 base-

pairs of genomic DNA adjacent to the FRT sequence had been

duplicated. This duplicated sequence flanked the FRT sequence.

Animal husbandry
Mice were housed in a specific pathogen free facility at McGill

University, 2–5 mice per cage. Mice in the lifespan experiment

were bred by mating Risp+/2 animals together. All other mice

were produced by mating heterozygous males to wild-type

females. To ensure genetic homogeneity, all breeders were

descendents of the original group of Risp+/P224S mice. PCR

amplification using primers flanking the remaining FRT site

39 of the Risp gene was used for the routine identification of

heterozygous mice. DNA from tails was used, with the following

primers (59 to 39): CCAACTGATAAGACTATAGGC and

GTCCATGACAGAGTCCTTCC. These produce a 333 base

band from the knock-in allele and a 240 base band from the wild-

type allele. Both bands are present in heterozygotes.

To determine the effects of heterozygosity for the P224S

mutation on young mice, animals were sacrificed at 3–4 months of

age. To determine the effect on aged mice, animals were sacrificed

at 2 years of age. To determine how Risp heterozygosity affected

lifespan, mice were kept until either natural death, or evidence of

impending mortality necessitating euthanasia, as described

previously [18]. Mice were euthanized by an overdose of

isoflurane anesthetic. Blood was collected by cardiac puncture

and plasma was prepared in EDTA-containing microtubes

(Sarstedt), flash-frozen in liquid nitrogen and stored at 280uC in

100 ml aliquots. Tissues to be used for biochemical, antioxidant, or

protein measurements were rapidly extracted, placed into

cryotubes and flash-frozen in liquid nitrogen prior to storage at

280uC. Tissues to be used for measurements of mitochondrial

respiration were kept on ice for a short period of time prior to

homogenization and fractionation as described below. All studies

were approved by the McGill Faculty of Science Animal Care

Committee (protocol ID 4129) and conducted according to the

guidelines of the Canadian Council on Animal Care.

Quantification of RISP
Immunoblotting with a monoclonal anti-RISP antibody (Mi-

toSciences # MS305) was used to quantify RISP in mitochondrial

tissue fractions. An anti-porin antibody (Calbiochem # 529534)

was used as a loading control. 8.5 mg of mitochondrial protein

were loaded. Visualization of the bands was performed fluores-

cently using ECL Plus reagents and a Typhon Trio imager (GE

Healthcare). Densitometry on the scanned image was performed

with ImageJ (National Institutes of Health, USA).

Isolation of Mitochondria
Tissues to be used for measurements of mitochondrial oxygen

consumption were homogenized in 5 volumes (w/v) of homoge-

nization buffer (0.3 M mannitol, 10 mM Tris, 1 mM EGTA,

pH 7.4) for liver, or 3 ml of homogenization buffer (220 mM

mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM EGTA,

0.04 mM BSA, pH 7.4) for heart. Tissues to be used for

biochemical assays or protein immunoblotting were homogenized

in 0.25 M sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.5.

Homogenization buffer used for tissues intended for aconitase

activity measurements was supplemented with 30 mM sodium

citrate and 0.6 mM manganese chloride, and mitochondria were

re-suspended in a solution containing 50 mM Tris-HCl, 1 mM

cysteine, 1 mM citric acid and 0.5 mM MnCl2, pH 7.6.

Mitochondria were isolated by differential centrifugation, as

described previously [19,53]. Protein concentrations were mea-
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sured using the Bradford-based Biorad Protein Assay, using bovine

serum albumin as a standard.

Electron Transport Chain Complex Activity Assays
Mitochondria were disrupted by repeated freeze-thawing, and

enzymatic assays were performed as previously described [54].

The one exception was the assay for complex IV activity, for

which we observed a high baseline activity of the reaction mixture

in the absence of mitochondria. To account for this, each

measurement was accompanied by a blank containing only the

reaction mixture. For each tissue-assay combination, preliminary

experiments were conducted to determine concentrations within

the linear range of detection. The final concentrations in each

assay ranged from 1 to 10 mg/ml.

Mitochondrial Oxygen Consumption
Oxygen consumption was measured polarographically with a

Clark electrode connected to a recorder (Yellow Springs

instruments) in a 1.75-ml water-jacketed closed chamber with

magnetic stirring, at 30uC. Mitochondria were added to

respiration buffer (125 mM sucrose, 65 mM KCl, 2 mM

KH2PO4, 10 mM Hepes, pH 7.2) to a final concentration of

0.5 mg/ml for liver mitochondria and 0.15 mg/ml for heart

mitochondria. 0.1% fatty acid-free BSA was added to the

respiration buffer when duroquinol was being used as a substrate,

and for succinate-supported respiration in liver mitochondria from

aged mice.

Electron donor substrates were glutamate and malate (5 and

2.5 mM final concentrations, respectively) to support respiration

through complex I, succinate (5 mM, with 2 mM rotenone) to

support respiration through complex II, and duroquinol (approx-

imately 0.5 mM) to support respiration through complex III [27].

Duroquinol was prepared by the addition of 2 M HCl and a mass

of KBH4 to a duroquinone solution. Complete reduction was

assumed when the yellow duroquinone solution became clear.

ADP was added to a final concentration of 429 mM to induce state

3 respiration. For mitochondria from heart, 1.25 mg/ml oligomy-

cin was added to end state 3 and initiate state 4. For mitochondria

from liver, state 4 was initiated by ADP depletion.

The respiratory control ratio (RCR) was determined by dividing

state 3 by state 4 respiration. By examining the initial oxygen

consumption traces, it became apparent that some mitochondria

from both genotypes exhibited abnormally poor respiratory

control, presumably due to damage to the mitochondria during

extraction. In order to eliminate these mitochondria from the

analysis, we chose to exclude mitochondria for which the RCR for

glutamate and malate stimulated respiration was less than 4, as this

is the minimum RCR that is expected of intact, properly isolated

mitochondria [55]. For mitochondria from aged mice, the RCR

threshold was lowered to 3 in line with the natural decrease of

RCR that has been observed with age [56–58].

Biomarkers of Oxidative stress
Aconitase activity was measured as the reduction of NADP by

isocitrate dehydrogenase as described [31]. Protein carbonylation

was measured using a Protein Carbonyl Assay Kit (Cayman

Chemical, catalog No. 10005020) as per the manufacturer’s

instructions. Plasma 8-hydroxy-29-deoxyguanosine (8-OHdG)

and F2-isoprostane levels were measured using enzyme immuno-

assay kits (from Assay Designs and Cayman Chemical, respective-

ly). Plasma intended for measurement of isoprostanes was

supplemented with 0.005% BHT before storage at 280uC to

prevent spontaneous oxidative formation of F2-isoprostanes. An

alkaline lysis procedure was performed on thawed plasma to

liberate esterified F2-isoprostane, ensuring that both bound and

un-bound F2-isoprostanes were measured in the assay.

Indirect Calorimetry
Whole-body energy metabolism was measured with an indirect

calorimetry system (Oxymax, Columbus Instruments). Mice were

placed in the apparatus for 24 hours to allow them to acclimate

before measurements were started. Oxygen consumption and

carbon dioxide production was then recorded for 24 hours; these

measurements were used to calculate energy usage [59]. We

normalized metabolic rate to the combined weight of the liver,

brain, heart and kidneys, because this method of normalization

has been shown to best account for the rate of energy consumption

[60]. Results were averaged over two hour intervals in order to

smooth out the substantial point-to-point variation.

Measures of performance and health
A Rota-Rod (UGO Basile) was used to measure motor

coordination [61]. Mice were placed on the stationary rod which

then accelerated from 2–80 rpm over a 5 minute period. The

maximum speed at which mice were able to successfully maintain

their position on the rotating rod was recorded. This protocol was

performed three times per day over a three-day period, with mice

given a 10 minute break in between runs. Grip strength was

measured by timing how long a mouse was able to hold its body

suspended below a wire grid [62,63]. A motorized treadmill

(Columbus Instruments) was used to measure exercise capacity.

Mice were motivated to run by the presence of a metal grid at the

rear of the treadmill which delivered a mild electric shock upon

contact (approximately 1 mA, 5 times a second). Mice underwent a

training protocol on day 1 of the experiment, and the experimental

protocol on day 2. For young mice, the training protocol consisted

of them being placed on the stationary treadmill for 10 minutes,

then 10 minute intervals of 6, 10 and 14 m/min followed by

another 10 minutes at 0 m/min. Aged mice (approximately 2 years)

underwent essentially the same training protocol, but without the

14 m/min interval. The experimental protocol was used to

determine the maximum speed at which mice were capable of

running. Mice were placed on the stationary treadmill and allowed

to acclimate for 10 minutes. The treadmill was then started at 6 m/

min. Every minute thereafter the speed was increased by 2 m/min

(young mice) or 1 m/min (old mice). The maximum speed which

the mice could maintain for 1 minute was recorded. Mice were

judged unable to continue if they touched the shock grid 15 times

during a 1-minute interval or continuously for 5 seconds. Fertility of

male mice was quantified by breeding Risp+/P224S or +/+ males with

wild-type females and recording the number of offspring born, up

until the male breeders were 8 months of age.

Statistics
Prism 5 (GraphPad Software) was used for all statistical analysis.

Results are shown as average 6 SEM. One-sample t-tests were

used to determine whether the heterozygous/wild-type ratio was

significantly different from 1. For the groups of mice sacrificed at 2

years of age, where it was not possible to consistently obtain wild-

type and heterozygotes from the same litter, regular unpaired t-

tests were use to test for differences between two groups. The non-

parametric Mann Whitney test was used for motor learning due an

obviously non-Gaussian distribution. One-way ANOVA was used

to test for differences in grip strength among wild-type and

heterozygous males and females. Repeated-measures two-way

ANOVA was used to determine statistical significance for indirect

calorimetry. Survival curves were compared using the log-rank

(Mantel-Cox) test. Non-linear regression was used to determine
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the Gompertz parameters A (intrinsic vulnerability to death) and k

(rate of acceleration of mortality with age). The following formula

was used to fit survival data [64]:

y~e
{A

k
(ekx{1)

The linearized form of the Gompertz mortality rate function was

used to graphically display the Gompertz parameters:

ln y~ln Azkx

Supporting Information

Table S1 Body and organ weights.

(XLS)

Table S2 Exact values for Figures 1, 2, 3, 5, 6 and 7.

(XLSX)

Table S3 State 4 and respiratory control ratios.

(XLS)

Figure S1 Graphical depiction of the Gompertz param-
eters A and k. (A) Intrinsic vulnerability to death (A) for females

(F) and males (M). (B) Mortality rate acceleration (k) for females (F)

and males (M). For both (A) and (B), the standard error is derived

from the nonlinear fit of the Gompertz survival function.

(TIF)
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