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Summary

Impaired Insulin and IGF-1 Signaling (iIIS) in C. elegans daf-2 mutants extends lifespan more 

than two-fold. Constitutively iIIS increases mitochondrial activity and reduces reactive oxygen 

species (ROS) levels. By contrast, acute impairment of daf-2 in adult C. elegans reduces glucose 

uptake and transiently increases ROS. Consistent with the concept of mitohormesis, this ROS 

signal causes an adaptive response by inducing ROS-defense enzymes (SOD, catalase) 

culminating in ultimately reduced ROS levels despite increased mitochondrial activity. Inhibition 

of this ROS signal by antioxidants reduces iIIS-mediated longevity by up to 60%. Induction of the 

ROS signal requires AAK-2 (AMPK), while PMK-1 (p38) and SKN-1 (NRF-2) are needed for the 

retrograde response. IIIS upregulates mitochondrial L-proline catabolism, and impairment of the 

latter impairs the lifespan-extending capacity of iIIS while L-proline supplementation extends C. 
elegans lifespan. Taken together, iIIS promotes L-proline metabolism to generate a ROS signal for 

the adaptive induction of endogenous stress defense to extend lifespan.

*Corresponding author: mristow@mristow.org. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cell Metab. Author manuscript; available in PMC 2016 April 26.

Published in final edited form as:
Cell Metab. 2012 April 4; 15(4): 451–465. doi:10.1016/j.cmet.2012.02.013.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Graphical Abstract

Introduction

In many studies on the prevention of aging, extended life span is associated with increased 

stress resistance. Several interventions have been described to promote both longevity and 

stress defense mechanisms, including calorie restriction (Masoro, 1998; Weindruch and 

Walford, 1988; Xia et al., 1995), physical exercise (Lanza et al., 2008; Warburton et al., 

2006), and impaired insulin/IGF1-signaling (IIS).

The eminent role of impaired IIS for the extension of life span has repeatedly been 

demonstrated across a wide evolutionary spectrum from nematodes (Friedman and Johnson, 

1988; Kenyon et al., 1993; Kimura et al., 1997; Morris et al., 1996), to flies (Clancy et al., 

2001; Tatar et al., 2001) and to mice (Blüher et al., 2003; Brown-Borg et al., 1996; 

Holzenberger et al., 2003). These mechanisms by which impaired IIS promotes life span are 

not well understood, but presumably involve increasing resistance against various stressors, 

such as thermal and oxidative stress (Brys et al., 2010; Honda and Honda, 1999; Lithgow et 

al., 1995; Murphy et al., 2003; Vanfleteren, 1993; Vanfleteren and De Vreese, 1995). On the 

other hand, impaired IIS has also been shown to increase metabolic rate and mitochondrial 

metabolism in both C. elegans (Houthoofd et al., 2005; Vanfleteren and De Vreese, 1995) 

and mice (Brown-Borg et al., 2012; Katic et al., 2007).

We have previously shown that reactive oxygen species (ROS) emanating from the 

mitochondria have an essential role for the life span-extending and health-promoting effects 

of glucose restriction in C. elegans (Schulz et al., 2007) and physical exercise in mammals 

(Ristow et al., 2009). In the present study, we address the hypothesis that impairment of IIS 

causes depletion of intracellular glucose which is sensed by AMP-activated protein kinase 

(AMPK) to induce oxidative non-glucose metabolism and to generate a ROS imbalance 
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which in turn is instrumental for the life span-extending capabilities of impaired IIS in C. 
elegans.

Results

To study the effects of constitutively impaired IIS in a species-independent fashion we have 

used three different models: a C. elegans strain carrying a mutant daf-2(e1370) [insulin/

IGF-1 receptor homologue] gene, mouse embryonic fibroblasts (MEFs) lacking a protein 

primary target of both the insulin and IGF-1 receptors, namely insulin receptor substrate 1 

(IRS-1) (Brüning et al., 1997) (Figure S1A), and lastly MEFs inducibly lacking the insulin 

receptor (IR) in a heterozygous fashion (previously unpublished, see Experimental 

Procedures for details) (Figure S1B). These three models were independently analyzed 

regarding the following seven parameters.

Constitutively impaired IIS promotes stress resistance

Daf-2 mutant and appropriate wild-type control strains of C. elegans (N2) were exposed to 

the established ROS generator paraquat at a concentration of 10 mM for six days. The daf-2 
mutant worms exhibited increased resistance against paraquat stress, as reflected by 

increased survival (Figure 1A) consistent with previously published data (Brys et al., 2010; 

Honda and Honda, 1999). Similarly, MEFs deficient for IRS1 (IRS1−/−) and MEFs with 

heterozygous inactivation of the insulin receptor (IR+/−) were more resistant to paraquat 

stress in vitro than control fibroblasts (Figures 1B and 1C, Figure S1C).

Constitutively impaired IIS increases mitochondrial metabolism

It has been previously suggested that impaired IIS in C. elegans, due to impaired expression 

of DAF-2, induces an increase in metabolic rate in C. elegans (Houthoofd et al., 2005). 

Indeed, in the present study we find that the ATP content in daf-2 mutants is increased by 

102% (Figure 1D). Likewise, despite the impairment in insulin/IGF-1 signalling, both 

IRS1−/− and IR+/− MEFs have increased ATP levels by 69 and 40%, respectively (Figures 

1E and 1F), suggesting an increase in energy efficiency and mitochondrial activity in daf-2, 

IRS1−/− and IR+/−. Similarly, we observed an increase in oxygen consumption by 39% of 

daf-2(e1370) mutants (Figure 1G), as well as in IRS1−/− and IR+/− by 45 and 28%, 

respectively (Figures 1H and 1I). Taken together, these findings indicate that chronic 

impairment of IIS uniformly causes an induction of mitochondrial activity in daf-2, IRS1−/− 

and IR+/−.

Constitutively impaired daf-2 expression reduces ROS levels and induces endogenous 
ROS defense enzymes

Mitochondria are the main source of reactive oxygen species (ROS). Since impaired IIS 

promotes increased mitochondrial activity, as shown above (Figures 1D 1I), we anticipated 

that the daf-2 mutant worms and IRS1−/− and IR+/− MEFs would exhibit increased 

mitochondrial ROS levels. To test this hypothesis, we have quantified ROS levels using a 

redox-sensitive dye targeted that is accumulated within the mitochondrial compartment in 

the presence of ROS (Esposti et al., 1999). To our surprise, this revealed an unexpected 

reduction of ROS levels by 14 to 28% in all three models (Figures 1J–1L), despite increased 
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mitochondrial activity (Figures 1D 1I). Furthermore when we quantified the accumulation of 

hydrogen peroxide in the supernatant of worms and MEFs cultures to obtain an independent 

estimate of ROS levels we observed a 9 to 50 % reduction in all three cases (Figures 1M 

1O). Thus, using two independent approaches all three model systems of chronically 

impaired IIS show reduced ROS levels. Moreover, we quantified production of hydrogen 

peroxide in mitochondria that had been isolated from N2 and daf-2 nematodes, respectively. 

Consistent with the findings in alive worms (Figure 1M) we found decreased production of 

hydrogen peroxide in mitochondria isolated from daf-2 mutants (Figure S1D).

To resolve how increased mitochondrial activity might be associated with decreased ROS 

levels, we quantified activities of antioxidant enzymes in lysates of the C. elegans and 

MEFs. Consistent with findings of others (Vanfleteren, 1993), no significant activity of 

glutathione peroxidase was detected in these nematodes (data not shown). However, 

activities of both superoxide dismutase (SOD) (Figure 1P) and catalase (CAT) (Figure 1S) 

were found to be increased by 50 and 36% in daf-2 mutants, and similar findings were 

obtained for IRS1−/− as well as IR+/− (Figures 1Q, 1R, 1T and 1U). These findings indicate 

that in different states of chronically impaired IIS there is a decrease in ROS levels despite 

increased mitochondrial activity, and that this reduction is likely the result of increased 

activities of the major ROS defense enzymes, suggesting that the increase in ROS defense 

enzymes reflects an adaptive response to increased mitochondrial metabolism and possibly 

transiently increased ROS levels due to increased respiration.

Acutely impaired daf-2 expression causes reduced glucose uptake in C. elegans

To test this hypothesis we have analyzed the metabolic effects of an acute rather than 

constitutive daf-2 impairment in a time-resolved manner. To this end, we administered RNAi 

against daf-2, RNAi(daf-2) (Dillin et al., 2002) to young adult C. elegans and quantified the 

uptake of radioactively labelled 2-deoxy-glucose as a measure in insulin action. Employing 

this assay, we observe a persistent reduction of 2-deoxy-glucose uptake in RNAi(daf-2)-

treated nematodes by 25% (Figure 2A), consistent with long-standing evidence for reduced 

glucose uptake following impaired IIS in mammals.

Acutely impaired daf-2 expression activates mitochondrial metabolism

Reduced availability of glucose has been previously shown to activate mitochondrial 

metabolism in both S. cerevisiae (Barros et al., 2004; Lin et al., 2002) and C. elegans 
(Schulz et al., 2007). To test whether impaired DAF-2 expression would also activate 

mitochondrial metabolism in C. elegans, we performed a time course assessing metabolism 

after addition of RNAi(daf-2). Twelve hours after addition of RNAi(daf-2) we observed a 

transient reduction in respiration and ATP levels in the nematode (Figure 2B and 2C), 

suggesting an initial energy deficit caused by impaired glucose uptake. Consistently 

following this primary reduction of ATP, we observed a secondary increase in oxygen 

consumption which reached a maximum at 24 to 48 hours after addition of RNAi(daf-2) 

(Figure 2C) and this was paralleled by an increase in ATP content (Figure 2B). Taken 

together, these data indicate that the nematode compensates for an energy deficit caused by 

decreased glucose availability by increased respiration culminating in secondarily increased 

ATP levels despite permanently decreased glucose uptake. The latter finding strongly 

Zarse et al. Page 4

Cell Metab. Author manuscript; available in PMC 2016 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suggests that energy sources other than glucose, i.e. fatty acids and/or amino acids, are likely 

to be metabolized.

Acutely impaired daf-2 expression promotes a transient increase in ROS

Increased mitochondrial activity is known to promote formation of mitochondrial ROS as an 

inevitable by-product of respiration and oxidative phosphorylation. Consistent with this fact, 

we observed increased ROS levels 24 and 48 hours after addition of RNAi(daf-2) (Figures 

2D 2G) when mitochondrial activity and respiration were increased. However, after 5 days 

of RNAi(daf-2) treatment, both mitochondrial activity and respiration remained increased, 

whereas mitochondrial ROS content was found to be significantly decreased (Figure 2D). 

These ROS levels were confirmed for the two key time points (24 and 120 hrs) using the 

independent AmplexRed-based method (Figure 2H). These findings indicate that only at 

time points beyond 48 hours of RNAi(daf-2) addition, increased mitochondrial activity, as 

reflected by ATP content and respiration rates, is associated with a decrease in ROS levels 

(as reflected in the steady state, see Figure 1), whereas ROS levels are transiently increased 
at earlier time points.

Acutely impaired daf-2 expression secondarily induces endogenous ROS defense 
enzymes

To better understand the changing ROS levels, we quantified activities of antioxidant 

enzymes in lysates of whole nematodes. Both superoxide dismutase (SOD) and catalase 

(CAT) were found to be induced following RNAi(daf-2) treatment for 48 and 120 hours, but 

interestingly not at earlier time points (Figures 2I and 2J). The relatively late induction of 

SOD and CAT was preceded by increases in respiration, ATP and ROS (Figures 2B 2H). 

These findings suggest that adaptive inductions of both SOD and CAT activities efficiently 

counteract the primarily increased ROS levels culminating in decreased ROS exposure at 

120 hours. We have previously observed this type of adaptive response in states of caloric 

restriction and physical exercise (Ristow and Zarse, 2010; Schulz et al., 2007), while the 

time-resolved analysis of ROS signals preceding increased adaptive responses have not been 

described before.

The daf-2-dependent transient ROS signal is required for induction of endogenous ROS 
defense enzymes

C. elegans carrying constitutively inactive alleles of daf-2 have repeatedly been shown to be 

resistant to a variety of stresses (Brys et al., 2010; Honda and Honda, 1999; Lithgow et al., 

1995; Murphy et al., 2003; Vanfleteren, 1993; Vanfleteren and De Vreese, 1995). Our 

findings of a late, i.e. secondary, induction of SOD and CAT activities following exposure of 

worms to RNAi(daf-2) suggest that transiently increased ROS levels may be required to 

cause this increase in ROS defense. To test this hypothesis, we have treated nematodes with 

RNAi(daf-2) that were exposed to two mechanistically independent antioxidants, n-acetyl-

cysteine (NAC, 1 mM final concentration) and butylated hydroxyanisole (BHA, 25 μM final 

concentration). In the presence of either NAC or BHA, we still observe an induction of 

respiration following RNAi(daf-2) treatment (Figure 2K). However, both the induction of 

ROS levels (Figures 2L and 2M) as well as the secondarily increased in activities of SOD 

and CAT (Figures 2N and 2O) were absent, indicating that increased ROS levels are required 
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to induce endogenous ROS defense enzymes and antioxidant defense capacity. These 

findings indicate that RNAi(daf-2) is incapable of inducing SOD and CAT whenever the 

RNAi(daf-2)-mediated, transient increase in mitochondrial ROS is blocked by exogenous 

antioxidant supplements, even in the presence of increased respiration.

Exogenous antioxidants inhibit the life span-extending capabilities of DAF-2 and AGE-1 
deficiency

Based on these latter findings we asked whether induction of SOD and CAT by increased 

ROS levels contributes to the life span-extending capabilities of impaired IIS by determining 

life span of NAC- or BHA-treated nematodes in the presence and absence of RNAi(daf-2). 

While no effect of antioxidants on life expectancy was observed in the absence of 

RNAi(daf-2) (Figures 3A and 3B) precluding the possibility of antioxidant toxicity on wild-

type N2 nematodes, both NAC (Figure 3A) and BHA (Figure 3B) reduced life span 

extension caused by RNAi(daf-2) treatment. As shown in more detail in Table 1, NAC 

impaired the life span-extending capabilities of RNAi(daf-2) by 35.7% (maximum life span) 

and 36.7% (mean life span), while BHA reduced the life span-extending capabilities of 

RNAi(daf-2) by 37.7% and 59.9% (maximum and mean life span, respectively). Moreover, 

NAC (Figure 3C) and BHA (Figure 3D) produced similar reduction in the long-lived worms 

with constitutively inactivating daf-2(e1370) mutation (see Table 1 for quantitative effects of 

antioxidants on daf-2(e1370) mutations). We lastly tested constitutive age-1(hx546) mutants 

which affect the phosphoinositide-3-OH kinase orthologue age-1 downstream of daf-2, and 

very similarly found both NAC (Figure 3E) and BHA (Figure 3F) to reduce the life span-

extending propensities of a constitutively inactivating age-1 mutation.

These findings indicate that antioxidants reduce the life span-extending capacity produced 

by impaired insulin/IGF signaling in the daf-2 and age-1 mutants, and that a transient 

induction of ROS levels following impairment of daf-2 and age-1 signaling is required to 

induce an adaptive response cumulating in increased stress resistance and maximum 

longevity. It should be noted, however, that both RNAi(daf-2) exposure and the daf-2(e1370) 
as well as age-1(hx546) mutations still cause a significant extension of life span in the 

presence of antioxidants in comparison to antioxidant treated wild-type N2 nematodes. 

Altogether this shows that exogenous antioxidants significantly lower the life span-

extending capabilities of impaired IIS by up to 59.9%, whereas some other daf-2 and age-1 
effects are independent of increased ROS levels.

The AMP-activated protein kinase AAK-2 is essential for induction of the transient ROS 
signal

AAK-2, the AMPK homologue, is the energy sensor in C. elegans (Apfeld et al., 2004; 

Greer et al., 2007; Schulz et al., 2007). As shown in Figure 2B, there is an initial reduction 

of nematodal ATP levels after addition of RNAi(daf-2) suggesting a reciprocal increase in 

nematodal AMP content. Direct assessment of AMP in C. elegans lysates by HPLC 

demonstrated an increased AMP to ATP ratio in wild-type N2 nematodes following 

RNAi(daf-2) exposure for 12 hours (AMP/ATP = 14.1% +6,5% SD, p=0.038). This strongly 

suggests that AMP-activated AAK-2 is induced by RNAi(daf-2), culminating in increased 
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mitochondrial respiration, as previously shown for states of dietary restriction (Schulz et al., 

2007), and possibly here for increased ROS production.

Accordingly, we tested whether RNAi(daf-2) could still induce respiration and/or ROS 

levels in aak-2(ok524) mutants. However, this was not the case (Figures 4A and 4B), 

indicating that aak-2 is required to generate a ROS signal in states of impaired IIS in 

nematodes. Nevertheless, RNAi(daf-2) was capable of extending life span to some extent in 

aak-2(ok524) nematodes (Figures 4C and 4D). However, it should be noted that the relative 

capacity of RNAi(daf-2) to extend life span in aak-2(ok524) is severely reduced compared to 

relative effects of RNAi(daf-2) on wild-type N2 (see Table 1 for quantification), indicating 

that a significant proportion of the effects of RNAi(daf-2) on life span is mediated by 

AAK-2 and the generation of the ROS signal as shown above (Figures 4B vs. 2D).

AAK-2 has been previously shown to be required for increased respiration in states of 

impaired glycolysis (Schulz et al., 2007). We here show that AAK-2 is also required for 

generating the transient ROS signal (Figure 4B). Therefore, we hypothesized that 

antioxidants would exert no effects on RNAi(daf-2)-mediated life span extension in 

aak-2(ok524) mutants, if AAK-2 is initiating the only ROS signal in the RNAi(daf-2) treated 

worm. Indeed, both NAC (Figure 4C) and BHA (Figure 4D) had no effect on the 

RNAi(daf-2)-mediated limited extension of life span, again indicating that AAK-2 is 

required to generate a transient increase in ROS following RNAi(daf-2) treatment (see Table 

1 for quantification). Taken together, these findings indicate that AAK-2 (AMPK) is an 

indispensable mechanistic link between impaired IIS and transiently increased ROS levels in 

nematodes.

The p38 MAP kinase PMK-1 and the transcription factor SKN-1 (NRF-2) are required for 
sensing of the transient ROS signal

Next, we questioned which pathways may be involved in ROS-sensing, i.e., are required to 

fully exert the life span extending effects of RNAi(daf-2) due to increased ROS levels. 

Consistent with previously published findings (Inoue et al., 2005; Schmeisser et al., 2011) 

we found that pmk-1, an orthologue of the stress-inducible mammalian p38 MAP kinase 
gene, was involved in sensing of the ROS signal generated by RNAi(daf-2). Thus, while 

RNAi(daf-2) caused a limited extension of life span in pmk-1(km25) nematodes in the 

absence of antioxidants (Table 1), both NAC (Figure 4E) and BHA (Figure 4F) were capable 

of further promoting the life span-extending capacity of RNAi(daf-2) (Table 1). Similar 

results were obtained for skn-1(zu67) mutants, lacking a functional orthologue of the 

mammalian transcription factor NRF-2, which was previously shown to act downstream of 

PMK-1 in response to oxidative stress (Inoue et al., 2005; Tullet et al., 2008): While 

RNAi(daf-2) caused an equally limited extension of life span in skn-1-mutated C. elegans in 

the absence of antioxidants (Table 1), both NAC (Figure 4G) and BHA (Figure 4H) were 

able to further induce the life span-extending capacity of RNAi(daf-2) (Table 1). 

Consistently, the daf-2-mediated induction of both SOD- and catalase activities (Figure 2I 

and 2J) was found to be reduced in nematodes constitutively deficient for PMK-1 or SKN-1 

(Figure 4I and J), respectively. Moreover, we have quantified differentially expressed genes 
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in N2 wild-type nematodes in comparison to daf-2(e1370) mutants by applying RNA 

sequencing technology.

Out of the genes involved into antioxidant defense, we found a number of mRNAs 

upregulated in daf-2 mutants, including sod-3 (22.6 fold, p=5.9*10−88), sod-5 (62.2 fold, 

p=5.7*10−75), ctl-2 (2.12 fold, p=1.5*10−13), and ctl-3 (1.74 fold, p=0.00012). To test 

whether induction of antioxidant enzymes, and in particular sod-3 or ctl-2 is necessary for 

the lifespan extension, we treated N2 nematodes with RNAi against the superoxide 

dismutase isoform sod-3 (Figure 4K) and the catalase isoform ctl-2 (Figure 4L), and co-

treated them with daf-2 RNAi. We observed a reduction of lifespan-extending capabilities of 

daf-2 RNAi in both sod-3 as well as ctl-2 RNAi-treated worms (Figures 4K and 4L) 

indicating that induction of antioxidant defense enzymes are, at least in part, required for the 

lifespan extension due to reduced daf-2 signaling.

Lastly, we questioned whether daf-16, an orthologue of a mammalian forkhead transcription 

factor (FoxO), may be involved into the lifespan-promoting role of transiently increased 

ROS formation. Consistent with previously published findings, RNAi(daf-2) had no 

lifespan-extending effect in daf-16(mu86) nematodes (Figures 4M and N). Accordingly, 

neither NAC (Figure 4M) nor BHA (Figure 4N) had any detectable influence on this 

phenotype.

Taken together, these findings indicate that PMK-1 and SKN-1 act as transducers of the 

initial ROS signal following RNAi(daf-2) treatment to extend life span, and that this effect is 

mediated by transiently increased ROS levels due to the daf-2 inactivation.

Trans-species transcriptome analysis of models of impaired IIS

The findings depicted on Figure 1 suggest that impaired IIS causes a reduction of 

intracellular glucose availability which then induces mitochondrial metabolism of alternate 

energy substrates, i.e. fatty acids and/or amino acids, culminating in transiently increased 

ROS levels, as analyzed in the findings depicted in Figs. 2 to 4. To identify a potential 

common metabolic denominator for the ROS-dependent fraction of IIS-related life span 

extension, we subjected RNA samples from daf-2 nematodes and MEFs (IRS1−/− and IR+/

−) to transcriptome profiling using deep sequencing (Figures 5A–5C). When analyzing those 

genes that were consistently either up- or down-regulated in all three models, we identified 

three functional groups of genes (Figure 5D and Table S1). Notably, one of the up-regulated 

groups was the MAP kinase signalling pathway (Figure 5D), strikingly consistent with the 

fact that disruption of the MAP kinase pmk-1 severely impaired the effects of impaired IIS, 

as well as transiently increased ROS levels, as shown in Figures 4E and 4F.

Mitochondrial L-proline catabolism extends life span in states of IIS and decreased 
glucose availability

By employing RNAseq, we also found that metabolism of short-chain organic acids is 

upregulated in states of impaired IIS. Notably, ech-6 (encoding enoyl Coenzyme A 

hydratase 6)/echs1 (encoding enoyl Coenzyme A hydratase, short chain, 1, mitochondrial) 

reflecting a checkpoint for catabolism of both fatty acids and amino acids was found to be 

up-regulated in all three models (Figure 5D and Table 2). To even better define the genes 
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responsible for the effects of impaired IIS in a trans-species fashion, we performed a Venn-

analysis for all three models (Figure 5E and Table 2). Among the genes involved in the 

effects of impaired IIS in both mouse and worm (Tables 2 and S1) revealed the orthologous 

pair of genes coding for a L-proline dehydrogenase, (M. musculus: prodh, C. elegans: 
B0513.5). This enzyme is essential for catabolism of one single amino acid, L-proline, to 

make it available for mitochondrial oxidation and oxidative phosphorylation-based, non-

glucose-based energy generation.

To test the possibility that breakdown of L-proline may contribute to the effects of impaired 

IIS in a systemic manner, we treated both wild-type and daf-2 nematodes with RNAi against 

B0513.5, the C. elegans orthologue of prodh. While knock-down of this gene has no effect 

on life span of N2 wild-type worms (Figure 5F), the life span-extending capability of 

RNAi(daf-2) was reduced by 14.6 and 20.3% (mean and maximum life span) following 

addition of RNAi(B0513.5) (Figure 5F).

Additionally, we have treated wild-type N2 nematodes with the amino acid L-proline in the 

growth media to test whether increased L-proline availability was capable of extending life 

span. As shown in Figure 5G, this was indeed the case with an increase in life span by 5.8 

and 13.6% (mean and maximum life span). Thus while B0513.5 expression is dispensable 

for life span in wild type worms (Figure 5F), supplementation with L-proline can extend life 

span to a limited but significant extent (Figure 5G).

To additionally test whether AAK-2 (Figures 4A 4D) is responsible for the induction of L-

proline metabolism in states of IIS, we quantified expression of B0513.5/prodh mRNA 

expression in N2 as well as aak-2 mutants in the absence and presence of daf-2 RNAi. 

Induction of B0513.5 expression was abolished in aak-2 mutants (Figure 5H) indicating that 

AAK-2 activation is located upstream of PRODH. Moreover, induction of respiration by 

daf-2 RNAi (Figure 2C) was abolished by co-treatment with RNAi against B0513.5 (Figure 

5I). Likewise, RNAi against B0513.5 abolished the ROS signal (Figure 5J) that was initially 

shown to be induced by daf-2 RNAi (Figure 2D).

Together, these findings indicate that impaired IIS reduces glucose metabolism and induces 

L-proline catabolism in a compensatory manner to culminate in a transient ROS signal and 

extended life span, as summarized in Figure 5K.

Discussion

We here hypothesized that reduced glucose metabolism due to impaired IIS causes a 

transient energy deficit and a compensatory induction of mitochondrial non-glucose 

metabolism to promote stress resistance and to increase longevity, both following the 

generation of one or several mitochondrial signaling molecules.

The findings in this study indicate that a major component, i.e. up to 59.9% of the life span 

extension created by reduced IIS requires a transient increase in ROS levels. ROS then act as 

signalling molecules to promote life span extension. We furthermore show that this ROS 

signal is generated by AAK-2, an orthologue of mammalian AMPK, and is sensed by the C. 
elegans orthologues of p38 MAP kinase and the transcription factor NRF-2, PMK-1 and 
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SKN-1. These sensors ultimately cause an increase in endogenous ROS defense, indicating 

that the ROS signal is capable of self terminating by inducing an adaptive response with 

increased activities of SOD and CAT, culminating in life span-extending stress resistance 

(Figure 5K). It is, however, likely that additional genes are activated following translocation 

of SKN-1, which have not been studied in the present study.

It has been proposed that ROS may act as messenger molecules in a variety of biological 

systems (Finkel, 2011; Rhee et al., 2003; Veal et al., 2007; Woo and Shadel, 2011). 

Consistently, evidence has recently emerged that ROS may also act as a life span-extending 

(Brys et al., 2010; Pan et al., 2011; Schulz et al., 2007) and health-promoting (Loh et al., 

2009; Owusu-Ansah et al., 2008; Ristow et al., 2009) signalling molecule. This is in 

agreement with previous observations that calorie restriction acts by inducing low-level 

stress which culminates in increased stress resistance and ultimately longevity (Barros et al., 

2004; Masoro, 1998; Xia et al., 1995). In analogy to the findings presented here, this reflects 

a dose-dependent adaptive response commonly defined as hormesis (Calabrese et al., 2007; 

Southam and Ehrlich, 1943), which was later extended to the concept of mitohormesis 

(Ristow and Zarse, 2010; Tapia, 2006) when describing low-dose stressors emanating from 

the mitochondrial compartment.

The current study additionally shows for the first time that acute daf-2 impairment reduces 

glucose availability in C. elegans, implying the fact that both glucose restriction (Schulz et 

al., 2007) and impaired IIS (current study) similarly cause an initial energy deficit. While 

some authors propose that impaired insulin/IGF-1 signaling extend life span independently 

of pathways activated by calorie restriction (Bartke et al., 2001; Houthoofd et al., 2003; 

Lakowski and Hekimi, 1998; Min et al., 2008), others have suggested that impaired IIS may 

share mechanistic features of caloric restriction and hence decreased energy availability, at 

least to some extent (Al-Regaiey et al., 2005; Bonawitz et al., 2007; Clancy et al., 2002; 

Greer et al., 2007; Narasimhan et al., 2009; Yen et al., 2009). Our current findings strongly 

support and extend this latter notion, and possibly provide a common metabolic denominator 

for impaired IIS, calorie restriction and physical exercise.

In this regard it is interesting to note that nematodes switch to mitochondrial non-glucose 

metabolism, as predicted in states of impaired glycolysis (Schulz et al., 2007) as well as 

impaired IIS (this study), by activation of AAK-2 (AMPK). Unlike for glucose, ATP 

generation from fatty acids and/or amino acids can only take place in the mitochondrial 

compartment, and requires oxidative phosphorylation. Hence and unlike glycolysis, 

mitochondrial catabolism of organic acids and specifically amino acids will inevitably 

generate ROS which may act as signalling molecules.

One of the interesting aspects of our findings came from the combined gene expression 

analysis using data from three different models systems with impaired IIS, including one 

model in C. elegans and two in different murine lines. This revealed that metabolism of 

short-chain organic acids is upregulated in states of impaired IIS. Notably, ech-6 (enoyl 

Coenzyme A hydratase 6)/echs1 (enoyl Coenzyme A hydratase, short chain, 1, 

mitochondrial) reflecting a metabolic checkpoint for catabolism of both fatty acids and 

amino acids was found to be upregulated in all three models (Tables 2 and S1). Moreover, 
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and unexpectedly, a major portion of the IIS-mediated effects on life span appears to depend 

on a dehydrogenase, B0513.5, which is specifically responsible for catabolism of a single 

amino acid, L-proline. This is supported by the RNAi-mediated knockdown of this protein in 

C. elegans which impairs the life span-extending capabilities of impaired IIS, but does not 

affect life span in wild-type worms, indicating that L-proline catabolism specifically 

contributes to induction of mitochondrial metabolism following impairment of IIS, as shown 

in the current study (Figure 5K). Moreover and - in a very general sense - somewhat 

consistent with our findings, increased L-proline oxidation has been linked to stress 

resistance in tomatoes (Chen et al., 2006), as well as to increased ROS formation (Donald et 

al., 2001) and nutrient deprivation (Pandhare et al., 2009), both in colon cancer cell lines.

Our findings on increased mitochondrial L-proline metabolism are consistent with the fact 

that constitutive inactivation of IIS causes increased stress resistance in C. elegans (Brys et 

al., 2010; Honda and Honda, 1999; Lithgow et al., 1995; Murphy et al., 2003; Vanfleteren, 

1993; Vanfleteren and De Vreese, 1995), possibly by increasing metabolic activity 

(Houthoofd et al., 2005; Vanfleteren and De Vreese, 1995). This is also consistent with the 

finding that exogenous antioxidants, such as NAC and BHA, significantly impair the life 

span-extending capabilities of the constitutive daf-2 or age-1 mutants. This indicates that the 

transient increase in mitochondrial ROS observed in the current study is essential for 

inducing endogenous ROS defense in long-lived mutants. Similarly, in D. melanogaster, 
calorie restriction did not affect ROS production, and genetically decreased ROS production 

did not extend life span in flies (Miwa et al., 2004). Consistently, altering ROS production in 

various model organisms has widely failed to modulate life span (Doonan et al., 2008; Jang 

and van Remmen, 2009; Lapointe et al., 2009; Van Raamsdonk and Hekimi, 2009). 

Moreover, long-lived mutants of C. elegans show increased stress resistance which is 

paralleled by increased metabolic activity (Houthoofd et al., 2005; Vanfleteren and De 

Vreese, 1995).

Take together with our previous data, impaired IIS, calorie restriction and physical exercise 

share, at least in part, a common metabolic denominator, i.e. activation of mitochondrial L-

proline metabolism and transiently increased ROS levels inducing an adaptive response that 

culminates in increased stress resistance, antioxidant defense and extends life span.

Experimental Procedures

C. elegans strains, maintenance and life span assays

C. elegans strains used in this work were provided by the Caenorhabditis Genetics Center 

(Univ. of Minnesota). Maintenance and synchronization (Lithgow et al., 1995) as well as 

RNAi treatments and life span assays (Dillin et al., 2002; Schulz et al., 2007) have been 

previously described, and were performed in the absence of 5′-fluorouridine. The B0513.5 
RNAi clone was from the Ahringer library (Source BioScience, Nottingham, UK), sod-3 and 

ctl-2 RNAis were from the ORF-RNAi library (OpenBiosystems Inc., Lafayette, CO, USA) 

and the daf-2 RNAi clone was a kind gift by Cynthia Kenyon (Dillin et al., 2002). NAC and 

BHA (both Sigma-Aldrich, St. Louis, MO, USA) were dissolved in water (NAC, 500-fold 

stock solution, 500 mM) and DMSO (BHA, 1000-fold stock solution, 25 mM), respectively. 

Nematodes (wild-type Bristol N2 and respective mutants) were propagated on agar plates 
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containing antioxidants or respective solvent for four generations before initiation of 

experiments. For L-proline (Sigma-Aldrich, St. Louis, MO, USA) supplementation 

experiments, the amino acid was added to autoclaved agar at 50°C as an aqueous 5 mM 

stock solution to obtain a final concentration of 5 μM.

Culture conditions of IRS1−/− MEFs

IRS1−/− MEFs and control fibroblasts have been derived from two different, genetically 

distinct fetuses derived from the same mother as previously described (Brüning et al., 1997) 

and were maintained in Dulbeccos’s modified Eagle medium (DMEM) (Sigma-Aldrich, St. 

Louis, MO, USA) containing 10 mM D-glucose and 10% (v/v) fetal bovine serum 

(Biochrom AG, Berlin, Germany).

Generation and culture conditions of IR+/− MEFs

Mice homozygous for the IRloxP mutation (Brüning et al., 1998) were bred with mice 

heterozygous for the tamoxifen-inducible Cre recombinase (CreERT2, Taconic Farms Inc., 

Hudson, NY, USA) (Seibler et al., 2003)), and MEFs were obtained from a single fetus that 

was heterozygous for both IRloxP and CreERT2. Cells then were continuously passaged and 

underwent crisis, all following previously described protocols (Brüning et al., 1997). Cells 

were then aliquoted and frozen, further serving as control fibroblasts. One aliquot of these 

fibroblasts was exposed to tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) at a 

concentration of 1 μM for 7 days to obtain a heterozygous disruption of the insulin receptor. 

All cells were maintained and analyzed in Dulbeccos’s modified Eagle medium (DMEM) 

(Sigma-Aldrich, St. Louis, MO, USA) containing 10 mM D-glucose and 10% (v/v) fetal 

bovine serum (Biochrom AG, Berlin, Germany). MEFs were cultured at 37 °C in a 

humidified atmosphere of 5% CO2.

Paraquat stress resistance assay (C. elegans)

Resistance to lethal oxidative stress derived from paraquat was determined with minor 

modifications as previously described (Schulz et al., 2007). Six days (after L4) old N2 and 

daf-2(e1370) nematodes were transferred manually to fresh NGM plates containing 10 mM 

paraquat (Acros Organics, Geel, Belgium) spotted with a lawn of heat-inactivated OP50 (30 

min at 65°C in a water bath) following by daily determining the survival rate until all 

nematodes were death. As described for life span analysis, worms were count as censored in 

case of internal hatching, crawling off and bursting.

Paraquat stress resistance assay (fibroblasts)

100,000 cells were seeded into each well of 12-well plates (TPP AG, Trasadingen, 

Switzerland). After 24 h medium was changed to DMEM (Sigma-Aldrich, St. Louis, MO, 

USA) containing 10 mM D-glucose and 10% (v/v) fetal bovine serum (Biochrom AG, 

Berlin, Germany) supplemented with 1 mM Paraquat (Acros Organics, Geel, Belgium). 

After 48 h cell death was determined by propidium iodide (PI) (10 μg/ml) and Hoechst 

33258 (10 μg/ml) (both Sigma-Aldrich, St. Louis, MO, USA) double fluorescent staining. 

Cells were examined under a fluorescence microscope (Axiovert 100, Zeiss, Oberkochen, 

Germany) and photographed with a digital camera (Fuji FinePix S602, Tokyo, Japan).
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2-Deoxyglucose uptake assays

Nematodes were incubated in S-medium containing 500 μM unlabeled 2-deoxy-glucose 

(Sigma-Aldrich, St. Louis, MO, USA) and 2.5 μCi per ml uniformly 14C-labeled 2-deoxy-

glucose (GE Healthcare Little Chalfont, UK), washed five times, then sonicated and 

centrifuged. Radioactivity in supernatant was quantified using a Beckman LS6000 liquid 

scintillation counter (Beckman Coulter, Brea, CA, USA). An aliquot was used for protein 

determination for normalization.

Determinations of ATP and AMP were for C. elegans-derived samples performed by HPLC 

as previously described (Schulz et al., 2007) with minor modifications. For quantification of 

ATP content in fibroblasts, the CellTiter Glo kit (Promega, Fitchburg, WI, USA) was used 

according to the manufacturer’s instructions, and ATP values were normalized to protein 

content.

Respiration assays were performed using a Clark-type electrode for C. elegans (Schulz et al., 

2007) and mammalian cells (Ristow et al., 2000).

Mitochondrial ROS levels

Prior to ROS measurement MitoTracker Red CM-H2X ROS (Invitrogen, Carlsbad, CA, 

USA) incubation plates were prepared as followed. For each treatment 500 μl heat 

inactivated OP50 (65°C, 30 min) were mixed with 100 ul MitoTracker Red CM-H2X stock 

solution (100 μM) and spotted on a large NGM agar plate which was allowed to dry for ~1 

h. Nematodes were incubated with appropriate RNAis for time periods as indicated, then 

washed off the plates with S-Basal and allowed to settle by gravitation to remove offspring. 

Worms were washed two additional times with S-Basal and centrifuged (300g, 30 sec). The 

worm pellet was transferred to freshly prepared MitoTracker Red CM-H2X and incubated 

for 2 h at 20°C. To remove excessive dye from the gut, worms were transferred to NGM agar 

plates with appropriate RNAis or as a positive control, to plates containing 10 mM paraquat 

for additional 1 h at 20°C. Aliquots of 100 μl worm suspension were distributed into 96-well 

FLUOTRACTM plate (Greiner Bio-One, Frickenhausen, Germany). Fluorescence intensity 

was measured in a microplate reader (FLUOstar Optima, BMG Labtech, Offenburg, 

Germany) using well-scanning mode (ex: 570 nm, em: 610 nm). To normalize fluorescence 

signal, remaining worm suspension was used for protein determination. For measuring 

mitochondrial ROS levels in fibroblasts, 10,000 cells were seeded into each well of 96-well 

plate. After 24 h cells were incubated with medium containing 1 μM MitoTracker Red CM-

H2X ROS for 30 min. Cells were then washed two times with PBS and fluorescence 

intensity was measured at same conditions described above.

Amplex Red-based quantification of supernatant hydrogen peroxide (C. elegans)

Worms were removed from plates with 0.05M sodium-phosphate buffer pH 7.4, washed 

twice and transferred into an upright plexiglas cylinder (1.5 ml volume) with continuous 

stirring at low speed (100 rpm) at 20°C. Firstly determination of fluorescence was done 

without horse radish peroxidase (HRP) (Sigma-Aldrich, St. Louis, MO, USA) only in the 

presence of 1 μM Amplex Red (Invitrogen, Carlsbad, CA, USA) to detect possible 

unspecific increase in fluorescence (which was not observed). Next, 0.01 U/ml HRP was 
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added and changes of fluorescence were recorded with a fluorescence detector (LF402 

ProLine, IOM, Berlin, Germany) for at least 15 minutes at excitation and emission 

wavelengths of 571 nm and 585 nm, respectively. Immediately afterwards, worms were 

removed and collected for protein determination to normalize fluorescence values. For 

determination of hydrogen peroxide production in fibroblasts, 10,000 cells were seeded into 

each well of 96-well plate. After 24 h Amplex Red Assay was performed according to the 

manufacturer’s instructions. Fluorescence intensity was measured in a microplate reader 

(FLUOstar Optima, BMG Labtech, Offenburg, Germany) using well-scanning mode (ex: 

570 nm, em: 590 nm).

Isolation of mitochondria

Isolation of mitochondria was performed as previously described (Kayser et al., 2001) 

except for the initial rupture of nematodes was done by a Potter/Elvehjem tissue grinder at 

400 rpm with 3 slow up-and-down strokes. 50 μg of isolated mitochondria were transferred 

into an upright plexiglas cylinder (1.5 ml volume) with continuous stirring at low speed (100 

rpm) at 30°C. Measurement of fluorescence increase due to Amplex Red oxidation was 

carried out exactly as described above (for whole worms), while only 0.1 U/ml horseradish 

peroxidase were used. 2.5 mM pyruvate and 1.25 mM malate (final concentrations) were 

added simultaneously as substrates for the respiratory chain.

Antioxidant enzyme activities (SOD, CAT) in both nematodes and MEFs were determined 

by standard photometric assays as previously described (Schulz et al., 2007) with minor 

modifications.

Fluorescent microscopy

Worms were treated with MitoTracker Red CM-H2X ROS exactly as described above. 

Individual worms were placed on agarose pads and paralyzed with 1 mg/ml tetramisole 

(Sigma-Aldrich, St. Louis, MO, USA). Worms were examined under a fluorescence 

microscope (Axiovert 100, Zeiss, Oberkochen, Germany) using the filter set (BP546/12, 

FT580, LP590) and pictures were taken with a digital camera (Moticam 2300, Motic, 

Xiamen, P.R. of China).

Protein content in both nematodes and MEFs was determined by standard methods as 

previously described (Schulz et al., 2007) with minor modifications.

Extraction of total RNA from C. elegans and fibroblasts

RNA isolation was performed using a commercially available kit (Qiagen, Hilden, Germany, 

Rneasy Mini Kit) based on the phenol-chloroform extraction method according to the 

manufacturer’s instructions.

Real time-PCR

Reverse transcription and quantitative real-time PCR was carried out using the GoTaq 2-Step 

RT-qPCR System (Promega, Madison, WI, USA) according to the manufacturer’s 

instructions on LightCycler 480 system (Roche, Mannheim, Germany). Data were 

normalized to cdc-42 (Hoogewijs et al., 2008) and analyzed using the ΔΔCT method. Primer 
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sequences used for B0513.3 and cdc-42 are: fwd 5′AAGCCAGCGGCGATGACACC and 

rev 5′AACACCCTGCCGCCGATCTC as well as fwd 5′CTGCTGGACAGGAAGATTACG 

and rev 5′CTCGGACATTCTCGAATGAAG.

Transcriptome profiling using deep sequencing

For library preparation an amount of 5 μg of total RNA per sample was processed using 

Illumina’s mRNA-Seq sample prep kit (Illumina; San Diego; CA, USA) following the 

manufacturer’s instruction. The libraries were sequenced using an Illumina GAIIx, in a 

single 76 nt read approach. Each library was sequenced on a single lane ends up with around 

30–40 mio reads per sample. Sequence data were extracted in FastQ format and used for 

mapping. Reads which passed the quality filtering were mapped against the C. elegans 
genome and an exon junction splice database using Bowtie (Langmead et al., 2009). Only 

uniquely mapped reads were used for counting. The RefSeq annotation was used to assign 

mapping positions to exons, transcripts and genes. The data discussed in this publication 

have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO 

Series accession number GSE36041 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE36041).

Bioinformatics of RNA expression data

Raw counts for the transcripts were analyzed using the R Statistical Computing Environment 

(R Development Core Team, 2008) and the Bioconductor packages DESeq (Anders and 

Huber, 2010) and edgeR (Robinson et al., 2010). Both packages provide statistical routines 

for determining differential expression in digital gene expression data using a model based 

on the negative binomial distribution. The resulting p-values were adjusted using the 

Benjamini and Hochberg’s approach for controlling the false discovery rate (FDR) 

(Benjamini and Hochberg, 1995). Transcripts with an adjusted p-value smaller than 0.01 

found by both packages (intersection), were assigned as differentially expressed.

Statistical analyses

Data are expressed as means ± SD unless otherwise indicated. Statistical analyses for all 

data except life-span and stress resistance assays in C. elegans were performed by Student’s 

t-test (unpaired, two-tailed) after testing for equal distribution of the data and equal 

variances within the data set. For comparing significant distributions between different 

groups in the life-span assays and stress resistance assays, statistical calculations were 

carried out using the log-rank test. All calculations were performed using Excel 2007 

(Microsoft, Albuquerque, NM, USA) and SPSS version 13.0 (IBM, Armonk, NY, USA). A 

P-value below 0.05 was considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research highlights

i. Acute impairment of daf-2 (insulin/IGF1) signaling causes a transient ROS 

signal.

ii. Different antioxidants reduce daf-2-mediated lifespan extension by up to 60%.

iii. Reduced daf-2 signaling impairs glucose uptake and promotes proline 

metabolism.

iv. Nutritional supplementation with the amino acid L-proline extends lifespan.
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Figure 1. Constitutive impaired insulin-/IGF1-signaling induces mitochondrial metabolism, 
reduces ROS levels, and increases endogenous antioxidant defense in both C. elegans and murine 
embryonic fibroblasts
(A–C) Survival on paraquat (D–F) ATP content, (G–I) oxygen consumption, (J–L) 
mitochondrial ROS levels, (N–O) hydrogen peroxide production, (P–R) superoxide 

dismutase activity, (S–U) catalase activity, each quantified in (A, D, G, J, M, P, S) 
daf-2(e1370) nematodes or (B, E, H, K, N, Q, T) IRS1−/− MEFs or (C, F, I, L, O, R, U) IR
+/− MEFs (all depicted in black bars) relative to effects in the respective wild-type controls 

(white bars). All values are given as mean ± SD. *p<0.05, **p<0.01, ***p<0.001 versus 

respective controls.
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Figure 2. Acute impairment of daf-2 signaling transiently induces mitochondrial ROS levels to 
promote endogenous antioxidant defense
(A) 2-Deoxy-glucose uptake, (B) ATP content, (C) oxygen consumption and (D) 
mitochondrial ROS levels each following exposure to RNAi against daf-2 (black bars) 

relative to effects on control RNAi-treated nematodes (white bars) at different time points. 

(E–G) Fluorescent microphotographs (enlargement: 10fold) of MitoTracker Red CM-H2X-

treated nematodes, (E) after 24 h of control RNAi treatment, (F) after 24 h of daf-2 RNAi 

treatment, (G) after 1 h of paraquat treatment (positive control). (H) Hydrogen peroxide 

production, (I) superoxide dismutase activity, (J) catalase activity, each following exposure 

to RNAi against daf-2 (black bars) relative to effects on control RNAi-treated nematodes 

(white bars) at different time points. (K) Oxygen consumption, (L) mitochondrial ROS 

levels, (M) hydrogen peroxide production, (N) superoxide dismutase activity, (O) catalase 

activity, each following exposure to RNAi against daf-2 in the presence of the antioxidants 

NAC (red bars) and BHA (blue bars) relative to effects on control RNAi-treated nematodes 

in the presence of antioxidants (white bars) at different time points. In all panels relative 
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values are depicted; for absolute values, please see Figure S2. All values are given as mean ± 

SD. * and # p<0.05, **and ## p<0.01, ***p<0.001 versus respective controls.
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Figure 3. Exogenous antioxidants impair the life span-extending effects of daf-2 impairment
(A) Lifespan analyses of nematodes exposed to control-RNAi (open circles) in the presence 

(red) or absence (black) of the antioxidant NAC; life span analyses of nematodes exposed to 

RNAi against daf-2 (closed triangles) in the presence (red) or absence (black) of NAC. (B) 
Lifespan analyses in the presence of RNAi as above replacing NAC with the antioxidant 

BHA (blue). (C) Lifespan analyses of daf-2(e1370) nematodes (closed triangles) in the 

presence (red) or absence (black) of NAC. (D) Lifespan analyses of daf-2(e1370) nematodes 

replacing NAC with BHA (blue). (E) Lifespan analyses of age-1(hx546) nematodes (closed 

triangles) in the presence (red) or absence (black) of NAC. (F) Lifespan analyses of 

age-1(hx546) nematodes replacing NAC with BHA (blue).
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Figure 4. Molecular regulation of ROS-dependent extension of life span following daf-2 
impairment
(A) Oxygen consumption, (B) mitochondrial ROS levels in aak2(ok524) nematodes 

following exposure to RNAi against daf-2 (black bars) relative to effects on control RNAi-

treated aak2(ok524) nematodes (white bars) at different time points. In both panels relative 

values are depicted; for absolute values, see Figure S3. (C) Lifespan analyses of 

aak-2(ok524) nematodes exposed to control-RNAi (open circles) in the presence (red) or 

absence (black) of the antioxidant NAC; life span analyses of aak2(ok524) nematodes 

exposed to RNAi against daf-2 (closed triangles) in the presence (red) or absence (black) of 

NAC. (D) Lifespan analyses in the presence of mutation and RNAi as in C, replacing NAC 

with the antioxidant BHA (blue). (E) Lifespan analyses of pmk-1(km25) nematodes exposed 
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to control-RNAi (open circles) in the presence (red) or absence (black) of NAC; life span 

analyses of pmk-1(km25) nematodes exposed to RNAi against daf-2 (closed triangles) in the 

presence (red) or absence (black) of NAC; (F) Lifespan analyses in the presence of mutation 

and RNAi as in E, replacing NAC with BHA (blue). (G) Lifespan analyses of skn-1(zu67) 
nematodes exposed to control-RNAi (open circles) in the presence (red) or absence (black) 

of NAC; life span analyses of skn-1(zu67) nematodes exposed to RNAi against daf-2 (closed 

triangles) in the presence (red) or absence (black) of NAC. (H) Lifespan analyses in the 

presence of mutation and RNAi as in G, replacing NAC with BHA (blue). Activities of 

superoxide dismutase (I) and catalase (J) in wild-type nematodes and mutants for pmk-1 and 

skn-1 without (white bars) and with (black bars) daf-2 RNAi treatment for 5 days. In panels 

I and J relative values are depicted; for absolute values, see Figure S3. (K) Lifespan analyses 

of N2 nematodes exposed to control RNAi (empty circles) and daf-2 RNAi (black triangles) 

in comparison to exposure against sod-3 RNAi (purple circles) alone and co-incubation with 

daf-2 RNAi (purple triangles). (L) Lifespan analyses of N2 nematodes exposed to control 

RNAi (empty circles) and daf-2 RNAi (black triangles) in comparison to exposure against 

ctl-2 RNAi (purple circles) alone and co-incubation with daf-2 RNAi (purple triangles). (M) 
Lifespan analyses of daf-16(mu86) nematodes exposed to control-RNAi (open circles) in the 

presence (red) or absence (black) of NAC; lifespan analyses of daf-16(mu86) nematodes 

exposed to RNAi against daf-2 (closed triangles) in the presence (red) or absence (black) of 

NAC. (N) Lifespan analyses in the presence of mutation and RNAi as in M, replacing NAC 

with BHA (blue). In panels A, B, I and J values are given as mean ± SD. *p<0.05, **p<0.01, 

***p<0.001 versus respective controls.
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Figure 5. Trans-species transcriptome analysis identifies increased L-proline catabolism as a life 
span extending response to reduced glucose metabolism in states of impaired insulin-/IGF1-
signaling
Differentially expressed genes as quantified by deep sequencing analysis for (A) daf-2 
nematodes, (B) IRS1−/− MEFs and (C) IR+/− MEFs, all in comparison to respective 

controls; black dots indicate no differential regulation, red and green dots indicate regulation 

according to one statistical method only. Blue dots indicate regulation according to both 

statistical methods (used for further analysis). (D) functional groups of down-regulated and 

up-regulated genes (cut-off for at least two out of three sets: p=0.05). For details, please see 

also Table S1. (E) Venn analyses of differentially expressed genes derived from daf-2 
nematodes, IRS1−/− MEFs and IR+/− MEFs (cut-off for all three sets: p=0.05). For details, 

please see also Table 2. (F) Lifespan analyses of N2 nematodes exposed to control RNAi 

(empty circles) and daf-2 RNAi (filled triangles) in comparison to exposure against B0513.5 
RNAi (closed circles) alone and co-incubation with daf-2 RNAi (empty triangles, 

respectively). (G) Lifespan analysis of N2 nematodes exposed to L-proline (filled triangles) 

or solvent (empty circles). (H) Expression of B0513.5/prodh mRNA in the absence (white 

bars) and presence (black bars bars) of daf-2 RNAi for 48 h in wild-type (N2) and aak-2 
mutant nematodes. (I) Oxygen consumption in N2 nematodes treated with control RNAi 

(white bars) or daf-2 RNAi (black bars), and the additional presence of RNAi against 
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B0513.5/prodh (grey/striped bars), all after 48 h of treatment. (J) ROS levels in nematodes 

treated with RNAis as in Panel (I) for 48 h; mev-1(kn1) mutants and paraquat treatment for 

1 h serve as positive controls. In panels I and J relative values are depicted; for absolute 

values, see Figure S4. In panels H J values are given as mean ± SD. *p<0.05, **p<0.01, 

***p<0.001 versus respective controls. (K) Impaired insulin-/IGF1-signaling promotes L-

proline catabolism to employ ROS as a mitochondrial second messenger culminating in 

extended life span: Impaired IIS causes reduction of glucose uptake in C. elegans, which 

leads to an intermittent energy deficit that activates mitochondrial respiration by increasing 

L-proline catabolism in an aak-2 dependent manner. This induction of mitochondrial 

respiration generates a transient ROS signal, which is sensed by PMK-1 and SKN-1 to 

secondarily cause an adaptive response to increase the respective activities of superoxide 

dismutase and catalase which ultimately terminate the initial ROS signal, in parallel leading 

to increased stress resistance and extended C. elegans life span.
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