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SUMMARY

Impaired insulin and IGF-1 signaling (illS) in
C. elegans daf-2 mutants extends life span more
than 2-fold. Constitutively, illS increases mitochon-
drial activity and reduces reactive oxygen species
(ROS) levels. By contrast, acute impairment of daf-2
in adult C. elegans reduces glucose uptake and tran-
siently 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. Inhi-
bition of this ROS signal by antioxidants reduces
illIS-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 retro-
grade response. IlIS upregulates mitochondrial
L-proline catabolism, and impairment of the latter
impairs the life span-extending capacity of illS while
L-proline supplementation extends C. elegans life
span. Taken together, illS promotes L-proline metab-
olism to generate a ROS signal for the adaptive induc-
tion of endogenous stress defense to extend life span.

INTRODUCTION

In many studies on the prevention of aging, extended life span
is associated with increased stress resistance. Several inter-
ventions have been described to promote both longevity and
stress defense mechanisms, including calorie restriction
(Weindruch and Walford, 1988; Xia et al., 1995; Masoro, 1998),
physical exercise (Warburton et al., 2006; Lanza et al., 2008),
and impaired insulin/IGF1 signaling (illS).

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; Ken-
yon et al., 1993; Morris et al., 1996; Kimura et al., 1997), to flies
(Clancy et al., 2001; Tatar et al., 2001), to mice (Brown-Borg
et al., 1996; Bluher et al., 2003; 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
(Vanfleteren, 1993; Vanfleteren and De Vreese, 1995; Lithgow
et al., 1995; Honda and Honda, 1999; Murphy et al., 2003; Brys
etal., 2010). On the other hand, impaired IIS has also been shown
to increase metabolic rate and mitochondrial metabolism in both
C. elegans (Vanfleteren and De Vreese, 1995; Houthoofd et al.,
2005) 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 restric-
tion 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 intra-
cellular glucose, which is sensed by AMP-activated protein
kinase (AMPK) to induce oxidative non-glucose metabolism
and to generate a ROS imbalance which in turn is instrumental
for the life span-extending capabilities of impaired IS
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 homolog) 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)
(Briining et al., 1997) (see Figure S1A online); and lastly MEFs in-
ducibly lacking the insulin receptor (IR) in a heterozygous fashion
(previously unpublished, see the Experimental Procedures for
details) (Figure S1B). These three models were independently
analyzed regarding the following seven parameters.
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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 6 days. The daf-2
mutant worms exhibited increased resistance against paraquat
stress, as reflected by increased survival (Figure 1A) consistent
with previously published data (Honda and Honda, 1999; Brys
et al., 2010). Similarly, MEFs deficient for IRS1 (irs-7~/") and
MEFs with heterozygous inactivation of the insulin receptor
(insr’~) 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
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worms and irs-1~/~ and insr”’~ MEFs would

exhibit increased mitochondrial ROS levels. To
test this hypothesis, we have quantified ROS levels using
a redox-sensitive dye that is accumulated within the mitochon-
drial compartment in the presence of ROS (Esposti et al,
1999). To our surprise, this revealed an unexpected reduction
of ROS levels by 14%-28% in all three models (Figures 1J-1L),
despite increased mitochondrial activity (Figures 1D-1l). Further-
more, 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%-50% reduction in all three cases (Figures 1M-10). Thus,
using two independent approaches, all three model systems of
chronically impaired IS show reduced ROS levels. Moreover,
we quantified production of hydrogen peroxide in mitochondria
that had been isolated from N2 and daf-2 nematodes, respec-
tively. Consistent with the findings in living worms (Figure 1M),
we found decreased production of hydrogen peroxide in mito-
chondria isolated from daf-2 mutants (Figure S1D).
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Figure 2. Acute Impairment of daf-2 Signaling Transiently Induces
Mitochondrial ROS Levels to Promote Endogenous Antioxidant
Defense

(A-D) (A) 2-deoxyglucose 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, 10-fold) of MitoTracker
Red CM-HyX-treated nematodes (E) after 24 hr of control RNAI treatment, (F)
after 24 hr of daf-2 RNAi treatment, (G) after 1 hr of paraquat treatment (positive
control).

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 signif-
icant activity of glutathione peroxidase was detected in these
nematodes (data not shown). However, activities of both super-
oxide 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 irs-1~/~ as well as for
insr’~ (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 labeled 2-deoxyglu-
cose as a measure in insulin action. Employing this assay, we
observe a persistent reduction of 2-deoxyglucose 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 (Lin
et al., 2002; Barros et al., 2004) 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 nema-
tode (Figures 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 24-48 hr
after addition of RNAi(daf-2) (Figure 2C), and this was paralleled
by an increase in ATP content (Figure 2B). Taken together, these

(H-J) (H) Hydrogen peroxide production, (l) 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-0O) (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 antiox-
idants 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 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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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 find-
ing strongly 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 byproduct of respiration
and oxidative phosphorylation. Consistent with this fact, we
observed increased ROS levels 24 and 48 hr 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 re-
mained 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 hr) using the independent AmplexRed-based method (Fig-
ure 2H). These findings indicate that only at time points beyond
48 hr 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 SOD and CAT were found to be induced following
RNAi(daf-2) treatment for 48 and 120 hr, but interestingly not at
earlier time points (Figures 21 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 hr. We have previously observed this
type of adaptive response in states of caloric restriction and
physical exercise (Schulz et al., 2007; Ristow et al., 2009), while
the time-resolved analysis of ROS signals preceding increased
adaptive responses has 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
(Vanfleteren, 1993; Vanfleteren and De Vreese, 1995; Lithgow
et al,, 1995; Honda and Honda, 1999; Murphy et al., 2003;
Brys et al., 2010). 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 exposed RNAi(daf-2)-treated nematodes
to two mechanistically independent antioxidants, n-acetyl-
cysteine (NAC, 1 mM final concentration) and butylated hydrox-
yanisole (BHA, 25 uM final concentration). In the presence of
either NAC or BHA, we still observe an induction of respiration
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Figure 3. Exogenous Antioxidants Impair the Life Span-Extending
Effects of daf-2 and age-1 Impairment

(A) Life span analyses of nematodes exposed to control-RNAi (open circles) in
the presence (red) or absence (black) of the antioxidant NAC; life span anal-
yses of nematodes exposed to RNAi against daf-2 (closed triangles) in the
presence (red) or absence (black) of NAC.

(B) Life span analyses in the presence of RNAi as above, replacing NAC with
the antioxidant BHA (blue).

(C) Life span analyses of daf-2(e1370) nematodes (closed triangles) in the
presence (red) or absence (black) of NAC.

(D) Life span analyses of daf-2(e1370) nematodes, replacing NAC with BHA
(blue).

(E) Life span analyses of age-1(hx546) nematodes (closed triangles) in the
presence (red) or absence (black) of NAC.

(F) Life span analyses of age-1(hx546) nematodes, replacing NAC with BHA
(blue).

following RNAi(daf-2) treatment (Figure 2K). However, both the
induction of ROS levels (Figures 2L and 2M) and the secondary
increase in activities of SOD and CAT (Figures 2N and 20)
were absent, indicating that increased ROS levels are required
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
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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(e7370) mutations). We lastly
tested constitutive age-1(hx546) mutants which affect the
phosphoinositide-3-OH kinase ortholog 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-7 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 the 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 homolog, 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 hr (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 mito-
chondrial 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(0k524) 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 extend-
ing life span to some extent in aak-2(0k524) 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(0k524) 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 (Figure 4B versus Figure 2D).

AAK-2 has been previously shown to be required for increased
respiration in states of impaired glycolysis (Schulz et al., 2007).
We show here 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(0k524) 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 indi-
cate that AAK-2 (AMPK) is an indispensable mechanistic link
between impaired IS 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 ortholog 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 ortholog 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-7-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). Consis-
tently, the daf-2-mediated induction of both SOD and CAT
activities (Figures 21 and 2J) was found to be reduced in nema-
todes constitutively deficient for PMK-1 or SKN-1 (Figures 4l
and 4J), respectively.

Moreover, we have quantified differentially expressed genes in
N2 wild-type nematodes in comparison to daf-2(e1370) mutants
by applying RNA sequencing technology. Out of the genes
involved in antioxidant defense, we found a number of mRNAs
upregulated in daf-2 mutants, including sod-3 (22.6-fold, p =
5.9 x 107%), sod-5 (62.2-fold, p = 5.7 x 1077°), ctl-2 (2.12-
fold, p = 1.5 x 1078, and ct/-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 life span extension, we treated
N2 nematodes with RNAi against the SOD isoform sod-3 (Fig-
ure 4K) and the CAT isoform ctl-2 (Figure 4L) and cotreated
them with daf-2 RNAI. We observed a reduction of life span-ex-
tending capabilities of daf-2 RNAI in both sod-3 and ctl-2 RNAi-
treated worms (Figures 4K and 4L) indicating that induction of
antioxidant defense enzymes is, at least in part, required for
the life span extension due to reduced daf-2 signaling.

Cell Metabolism 15, 451-465, April 4, 2012 ©2012 Elsevier Inc. 455
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Table 1. Life Span Assay Results and Statistical Analyses

Maximum Life Mean Life Span P Value (versus Control,  Number of Number of
Strain, RNAI, Solvent Span (d) (+SEM)  (d) (+SEM) See Footnotes) Experiments (n)  Nematodes (n)
N2 (Control RNAi) H,O 28.0 + 0.6 19.40 + 0.3 3 323
N2 (Control RNAi) NAC/H,O 27.3+0.9 18.96 + 0.2 NS? 3 357
N2 (daf-2 RNAi) H,O 70.3+0.9 46.76 + 1.0 <0.00012P 3 310
N2 (daf-2 RNAi) NAC/H,O 60.3 + 0.9 39.64 + 1.1 <0.0001%P° 3 318
N2 (Control RNAi) DMSO 31.0+ 0.6 19.89 + 0.2 3 335
N2 (Control RNAi) BHA/DMSO 28.3+0.9 19.32 + 0.2 NS 3 331
N2 (daf-2 RNAi) DMSO 71.7+£1.2 46.00 = 1.0 <0.0001%*° 3 342
N2 (daf-2 RNAi) BHA/DMSO 60.0 + 0.6 34.16 + 0.7 <0.0001%°f 3 331
daf-2(e1370) HO 735+ 15 51.09 + 0.6 2 218
daf-2(e1370) NAC/H,O 61.5+1.5 44.87 £ 0.5 <0.0001° 2 248
daf-2(e1370) DMSO 735+ 15 4723 £1.1 2 222
daf-2(e1370) BHA/DMSO 63.0 £ 2.0 31.81£1.2 <0.0001" 2 253
age-1(hx546) H,O 50.5 + 0.5 28.90 £ 0.2 2 247
age-1(hx546) NAC/H,O 41.0+1.0 23.46 £ 0.2 <0.0001' 2 256
age-1(hx546) DMSO 50.5 + 1.0 27,87 £ 0.2 2 259
age-1(hx546) BHA/DMSO 445+ 0.5 22,63 + 1.6 <0.0007} 2 242
aak-2(ok524) (Control RNAi) H,O 245+ 0.5 16.78 + 0.4 2 213
aak-2(ok524) (Control RNAi) NAC/H,O 24.0+1.0 16.65 + 0.3 NS? 2 234
aak-2(ok524) (daf-2 RNAIi) H,O 36.0+ 1.0 21.02 £ 0.1 <0.0001%P 2 229
aak-2(ok524) (daf-2 RNAi) NAC/H,O 38.0+ 1.0 21.13+£0.3 <0.0001%P, NS° 2 231
aak-2(ok524) (Control RNAi) DMSO 24.0+1.0 16.64 + 0.4 2 217
aak-2(ok524) (Control RNAi)) BHA/DMSO  24.0 + 0.0 16.89 + 0.7 NS¢ 2 220
aak-2(ok524) (daf-2 RNAi) DMSO 375+15 2253 +£0.2 <0.0001%* 2 202
aak-2(ok524) (daf-2 RNAi) BHA/DMSO 375+ 0.5 23.16 £ 0.3 <0.00019, NS 2 205
pmk-1(km25) (Control RNAi) H,O 28.0+ 1.0 19.36 + 0.2 2 178
pmk-1(km25) (Control RNAi) NAC/H,O 29.5+ 0.5 19.42 + 0.2 NS? 2 160
pmk-1(km25) (daf-2 RNAi) H,O 38.0+ 1.0 27.02 £1.1 <0.00012 ,° 2 166
pmk-1(km25) (daf-2 RNAi) NAC/H,O 55.0 + 2.0 34.13+1.0 <0.0001P° 2 170
pmk-1(km25) (Control RNAi)) DMSO 26.5+ 1.5 17.49 + 0.7 2 157
pmk-1(km25) (Control RNA)) BHA/DMSO  28.5+ 1.5 17.40 £ 0.6 NS¢ 2 161
pmk-1(km25) (daf-2 RNAi) DMSO 415+15 28.16 £ 1.2 <0.0001%* 2 148
pmk-1(km25) (daf-2 RNAi) BHA/DMSO 54.0 + 2.0 3297 £1.2 <0.00019¢, =0.00010° 2 151
skn-1(zu67) (Control RNAIi) H,O 21.5+05 2 140
skn-1(zu67) (Control RNAi) NAC/H,O 225+ 0.5 16.77 £ 0.1 NS? 2 160
skn-1(zu67) (daf-2 RNAi) H,O 34.0+1.0 16.57 + 0.1 <0.0001%P 2 144
skn-1(zu67) (daf-2 RNAi) NAC/H,O 455+ 0.5 21.89 = 0.1 <0.0001%P° 2 150
skn-1(zu67) (Control RNAi) DMSO 23.0+ 0.0 26.71 £ 1.1 2 148
skn-1(zu67) (Control RNAi) BHA/DMSO 23.5+ 0.5 16.78 £ 0.2 NS 2 147
skn-1(zu67) (daf-2 RNAi) DMSO 335+1.5 16.66 + 0.3 <0.0001%*¢ 2 158
skn-1(zu67) (daf-2 RNAi) BHA/DMSO 455+ 0.5 21.05+0.3 <0.0001%°f 2 150
N2 (Control RNAI) 30.0 + 0.5 21.0 £ 0.1 2 386
N2 (sod-3 RNAi) 30.0+ 1.0 20,6 + 0.2 NSk 2 412
N2 (ctl-2 RNAI) 30.0+ 1.0 20.8 +0.2 NS* 2 452
N2 (daf-2 RNAI) 72.0+ 0.5 421 +£1.2 <0.0001%tm 2 352
N2 (sod-3 RNAi/daf-2 RNAI) 55.0 + 1.9 371 +£0.7 <0.0001%" 2 394
N2 (ctl-2 RNAi/daf-2 RNAI) 61.0+24 40.1 £ 0.8 <0.05%mn 2 427
daf-16(mu86) (Control RNAi) H,O 24.0+1.0 16.71 £ 0.1 2 184
daf-16(mu86) (Control RNAi) NAC/H,O 225+ 0.5 16.35 + 0.1 NS? 2 195
daf-16(mu86) (daf-2 RNAi) H,O 245+ 0.5 16.55 + 0.1 NS2-P 2 166
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Table 1. Continued

Maximum Life Mean Life Span P Value (versus Control,  Number of Number of
Strain, RNAI, Solvent Span (d) (xSEM)  (d) (+SEM) See Footnotes) Experiments (n)  Nematodes (n)
daf-16(mu86) (daf-2 RNAi) NAC/H,O 24.0 + 0.0 16.20 = 0.1 Ng2b-e 2 186
daf-16(mu86) (Control RNAi) DMSO 245+ 0.5 14.68 + 0.1 2 162
daf-16(mu86) (Control RNAi) BHA/DMSO  23.5 + 0.5 14.62 + 0.1 NS¢ 2 176
daf-16(mu86) (daf-2 RNAi)) DMSO 245+ 0.5 14.87 + 0.1 NSde 2 180
daf-16(mu86) (daf-2 RNAi) BHA/DMSO 24.0+ 0.0 14.64 + 0.1 Ngdef 2 171
N2 (Control RNAI) 33.0+ 0.5 22.6 +0.3 3 350
N2 (B0513.5 RNAI) 32.0+1.0 22.6 + 0.1 NS 2 240
N2 (daf-2 RNAI) 69.0 + 1.0 36.4+1.9 <0.0001%° 3 423
N2 (B0513.5 RNAi/daf-2 RNAI) 55.0+ 1.0 31.1+1.1 <0.0001%"-° 3 345
N2 (H.0) 29.5+ 0.5 20.46 £ 0.3 2 312
L-Proline (5 pM) 33.5+0.5 21.65 + 0.1 <0.0001P 2 256

&(Control RNAI) Ho0.
B(Control RNAi) NAC/H,0.
°(daf-2 RNAJ) H,0.
9(Control RNAi) DMSO.
¢(Control RNAi) BHA/DMSO.
f(daf-2 RNAi) DMSO.
9daf-2 (e1370) H,0.
hdaf-2 (1370) DMSO.
iage-1(hx546) H,0.
lage-1(hx546) DMSO.
K(Control RNAI).

((sod-3 RNAI).

M(ctl-2 RNAI).

N(daf-2 RNAI).

°(B0513.5 RNAI).

P(H0).

Lastly, we questioned whether daf-16, an ortholog of
a mammalian forkhead transcription factor (FoxO), may be
involved in the life span-promoting role of transiently increased
ROS formation. Consistent with previously published findings,
RNAi(daf-2) had no life span-extending effect in daf-16(mu86)
nematodes (Figures 4M and 4N). Accordingly, neither NAC (Fig-
ure 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 in 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 de-
picted in Figure 2, Figure 3, and Figure 4. To identify a potential
common metabolic denominator for the ROS-dependent frac-
tion of lIS-related life span extension, we subjected RNA
samples from daf-2 nematodes and MEFs (irs-1~'~ and insr*/")
to transcriptome profiling using deep sequencing (Figures 5A-
5C). When analyzing those genes that were consistently either

up- or downregulated in all three models, we identified three
functional groups of genes (Figure 5D and Table S1). Notably,
one of the upregulated groups was the MAP kinase signaling
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 ilIS 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 upregulated in all
three models (Figure 5D and Table 2). To even better define
the genes 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 (Table 2
and Table S1) was 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.
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Figure 4. Molecular Regulation of ROS-Dependent Extension of Life
Span Following daf-2 Impairment

(A -and B) (A) Oxygen consumption, (B) mitochondrial ROS levels in aak2(ok524)
nematodes following exposure to RNAIi against daf-2 (black bars) relative to
effects on control RNAi-treated aak2(0k524) nematodes (white bars) at
different time points. In both panels, relative values are depicted; for absolute
values, see Figure S3.

(C) Life span analyses of aak-2(0k524) nematodes exposed to control-RNAi
(open circles) in the presence (red) or absence (black) of the antioxidant NAC;
life span analyses of aak2(0k524) nematodes exposed to RNAI against daf-2
(closed triangles) in the presence (red) or absence (black) of NAC.

(D) Life span analyses in the presence of mutation and RNAi as in (C), replacing
NAC with the antioxidant BHA (blue).

(E) Life span analyses of pmk-1(km25) nematodes exposed to control-RNAi
(open circles) in the presence (red) or absence (black) of NAC; life span anal-
yses of pmk-1(km25) nematodes exposed to RNAi against daf-2 (closed
triangles) in the presence (red) or absence (black) of NAC.

(F) Life span analyses in the presence of mutation and RNAi as in (E), replacing
NAC with BHA (blue).

(G) Life span 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) Life span analyses in the presence of mutation and RNAi as in (G), replacing
NAC with BHA (blue).

(I and J) Activities of superoxide dismutase (l) 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 (l) and (J), relative values are
depicted; for absolute values, see Figure S3.

(K) Life span 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 coincubation with daf-2 RNAI (purple
triangles).

(L) Life span 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 coincubation with daf-2 RNAi (purple
triangles).

(M) Life span analyses of daf-16(mu86) nematodes exposed to control-RNAi
(open circles) in the presence (red) or absence (black) of NAC; life span
analyses of daf-16(mu86) nematodes exposed to RNAi against daf-2 (closed
triangles) in the presence (red) or absence (black) of NAC.

(N) Life span analyses in the presence of mutation and RNAi as in (M), replacing
NAC with BHA (blue). In (A), (B), (l), and (J), values are given as mean +SD. *p <
0.05, **p < 0.01, ***p < 0.001 versus respective controls.

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 ortholog 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 inthe 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 anincrease 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 illS, we quantified expression of B0513.5/prodh mRNA
expression in N2 as well as aak-2 mutants in the absence
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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 abol-
ished by cotreatment with RNAi against B0573.5 (Figure 5I).
Likewise, RNAi against B0573.5 abolished the ROS signal (Fig-
ure 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 hypothesized here that reduced glucose metabolism due to
impaired IIS causes a transient energy deficit and a compensa-
tory 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
signaling molecules to promote life span extension. We further-
more show that this ROS signal is generated by AAK-2, an ortho-
log of mammalian AMPK, and is sensed by the C. elegans ortholog
of p38 MAP kinase, PMK-1, and the ortholog of the transcription
factor NRF-2, SKN-1. These sensors ultimately cause anincrease
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 mole-
cules in a variety of biological systems (Rhee et al., 2003; Veal
et al., 2007; Finkel, 2011; Woo and Shadel, 2011). Consistently,
evidence has recently emerged that ROS may also act as a life
span-extending (Schulz et al., 2007; Brys et al.,, 2010; Pan
et al., 2011) and health-promoting (Owusu-Ansah et al., 2008;
Loh et al., 2009; Ristow et al., 2009) signaling 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 (Xia et al., 1995; Ma-
soro, 1998; Barros et al., 2004). In analogy to the findings pre-
sented here, this reflects a dose-dependent adaptive response
commonly defined as hormesis (Southam and Ehrlich, 1943; Cal-
abrese et al., 2007), which was later extended to the concept of
mitohormesis (Tapia, 2006; Ristow and Zarse, 2010) 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 extends life span independently of path-
ways activated by calorie restriction (Lakowski and Hekimi,

1998; Bartke et al., 2001; Houthoofd et al., 2003; Min et al.,
2008), others have suggested that impaired IS may share mech-
anistic features of caloric restriction and hence decreased
energy availability, at least to some extent (Clancy et al., 2002;
Al-Regaiey et al., 2005; Bonawitz et al., 2007; Greer et al.,
2007; Narasimhan et al., 2009; Yen et al., 2009). Our current find-
ings 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, mito-
chondrial catabolism of organic acids and specifically amino
acids will inevitably generate ROS which may act as signaling
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, mitochon-
drial) reflecting a metabolic checkpoint for catabolism of both
fatty acids and amino acids was found to be upregulated in all
three models (Table 2 and Table S1). Moreover, and unexpect-
edly, 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 yeast (Chen et al., 2006), as well as to
increased ROS formation (Donald et al., 2001) and nutrient depri-
vation (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 I1IS
causes increased stress resistance in C. elegans (Vanfleteren,
1993; Lithgow et al., 1995; Vanfleteren and De Vreese, 1995;
Honda and Honda, 1999; Murphy et al., 2003; Brys et al.,
2010), possibly by increasing metabolic activity (Vanfleteren
and De Vreese, 1995; Houthoofd et al., 2005). This is also consis-
tent 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 in the steady state did not extend life span in flies
(Miwa et al., 2004). Consistently, altering ROS production in
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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

(A-C) Differentially expressed genes as quantified by deep sequencing analysis for (A) daf-2 nematodes, (B) irs-1~/~ MEFs, and (C) insr*~ 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 downregulated and upregulated genes (cutoff for at least two out of three sets, p = 0.05). For details, please also see Table S1.

(E) Venn analyses of differentially expressed genes derived from daf-2 nematodes, irs-1~/~ MEFs and insr*’~ MEFs (cutoff for all three sets, p = 0.05). For details,
please see also Table 2.

(F) Life span analyses of N2 nematodes exposed to control RNAi (empty circles) and daf-2 RNA (filled triangles) in comparison to exposure against B0573.5 RNAI
(closed circles) alone, and coincubation with daf-2 RNAi (empty triangles, respectively).

(G) Life span analysis of N2 nematodes exposed to L-proline (filled triangles) or solvent (empty circles).
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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 resis-
tance which is paralleled by increased metabolic activity (Vanfle-
teren and De Vreese, 1995; Houthoofd et al., 2005).

Taken 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 mitochon-
drial L-proline metabolism and transiently increased ROS levels,
inducing an adaptive response that culminates in increased
stress resistance 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 (University of Minnesota), which is supported by the NIH
NCRR. 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'-flu-
orouridine. The B05713.5 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 from 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, 1,000-fold stock solution,
25 mM), respectively. Nematodes (wild-type Bristol N2 and respective
mutants) were propagated on agar plates containing antioxidants or respec-
tive 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 uM.

Culture Conditions of Irs-17- MEFs

Irs-1~/~ MEFs and control fibroblasts have been derived from two different,
genetically distinct fetuses derived from the same mother as previously
described (Briining et al., 1997) and were maintained in Dulbeccos’s modified
Eagle’s 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 Insr*/~- MEFs

Mice homozygous for the IRloxP mutation (Briining 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 (Briining 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 uM for 7 days to obtain a heterozygous

disruption of the IR. All cells were maintained and analyzed in DMEM contain-
ing 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% CO,.

Paraquat Stress Resistance Assay in C. elegans

Resistance to lethal oxidative stress derived from paraquat was determined
with minor modifications as previously described (Schulz et al., 2007). Six-
day (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) followed by daily determination of the survival rate until all nema-
todes were dead. As described for life span analysis, worms were counted as
censored in case of internal hatching, crawling off, and bursting.

Paraquat Stress Resistance Assay in Fibroblasts

One hundred thousand cells were seeded into each well of 12-well plates (TPP
AG, Trasadingen, Switzerland). After 24 hr, medium was changed to DMEM
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 hr, cell death was determined by propidium iodide
(P1) (10 pg/ml) and Hoechst 33258 (10 pg/ml) (both Sigma-Aldrich, St. Louis,
MO, USA) double fluorescent staining. Cells were examined under a fluores-
cence microscope (Axiovert 100, Zeiss, Oberkochen, Germany) and photo-
graphed with a digital camera (Fuji FinePix S602, Tokyo, Japan).

2-Deoxyglucose Uptake Assays

Nematodes were incubated in S-medium containing 500 uM unlabeled 2-de-
oxyglucose (Sigma-Aldrich, St. Louis, MO, USA) and 2.5 uCi per ml uniformly
14C-labeled 2-deoxyglucose (GE Healthcare, Little Chalfont, UK), washed five
times, then sonicated and centrifuged. Radioactivity in supernatant was quan-
tified 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

Determinations of ATP and AMP were for C. elegans-derived samples per-
formed by HPLC as previously described (Schulz et al., 2007) with minor modi-
fications. 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
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-H>X ROS (Invitrogen, Carls-
bad, CA, USA) incubation plates were prepared as follows. For each treatment,
500 pl heat-inactivated OP50 (65°C, 30 min) was mixed with 100 pl Mito-
Tracker Red CM-H,X stock solution (100 uM) and spotted on a large NGM
agar plate which was allowed to dry for ~1 hr. 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

(H) Expression of B0513.5/prodh mRNA in the absence (white bars) and presence (black bars bars) of daf-2 RNAI for 48 hr 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 B0513.5/

prodh (gray/striped bars), all after 48 hr of treatment.

(J) ROS levels in nematodes treated with RNAIs as in (I) for 48 hr; mev-1(kn1) mutants, and paraquat treatment for 1 hr serve as positive controls. In (I) and (J),
relative values are depicted; for absolute values, see Figure S4. In (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 IS 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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Table 2. Differentially Expressed RNAs Derived from Three Models of Impaired Insulin/IGF1 Signaling

Differentially Expressed Genes, Upregulated

C.elegans  daf-2 daf-2 M. Musculus irs-17"~ irs-17'~ insrt’~ insr*’~

Gene Log2 Fold P Value Gene Gene Name Log2 Fold P Value Log2 Fold P Value

F25B4.8 1.629 3.012E-06  Cenpv centromere protein V 2.277 8.758E-16  3.681 6.070E-15

Y71G12B.11  1.396 2.906E-11  TIn2 talin 2 0.438 6.274E-06  1.738 1.656E-18

bicd-1 0.710 0.0007230 Bicd1 bicaudal D homolog 1 (Drosophila)  1.883 3.091E-23 0.972 3.731E-05

ser-1 1.216 0.0001637 Htrec 5-hydroxytryptamine (serotonin) 1.326 0.0008178 3.517 3.375E-19
receptor 2C

lec-3 2.469 3.536E-26 Lgals9 lectin, galactose binding, soluble 9  1.593 2.012E-43 0.698 0.0009901

lec-5 2.622 1.051E-28

lec-4 1.466 1.166E-11

lec-1 0.776 5.248E-05

B0513.5 0.731 0.0020163 Prodh Proline Dehydrogenase 3.228 5.120E-32 1.758 1.245E-06

ech-6 0.650 0.0006435 Echst enoyl Coenzyme A hydratase, 0.563 1.288E-07 0.606 0.0044002
short chain, 1, mitochondrial

exp-2 2.264 2.368E-12 Kenfl potassium voltage-gated channel,  1.280 6.495E-13  0.966 0.0050530
subfamily F, member 1

Y55F3C.3 0.995 0.0006997

C32C4.1 1.121 0.0016399

F44A2.2 1.492 0.0002509

Y48A6B.6 1.078 0.0052666

kvs-1 0.931 0.0065899

prk-2 1.956 1.115E-10 Pim1 proviral integration site 1 0.535 0.0035235 0.818 0.0015448

ras-1 1.498 2.272E-06 Rras2 related RAS viral (r-ras) oncogene  0.398 4.561E-05 0.575 0.0052454
homolog 2

cah-2 1.365 6.083E-05 Car10 related RAS viral (r-ras) oncogene  1.886 6.360E-17 1.159 0.0058154
homolog 2

cah-1 0.947 0.0041779

Y73B6BL.19 2.105 8.671E-10 Kcnd2 potassium voltage-gated channel,  1.659 5.739E-08 1.186 0.0218384
Shal-related family, member 2

C27F2.1 1.572 1.122E-05 Wdr60 WD repeat domain 60 1.057 2.887E-22 0.527 0.0249645

egl-3 1.162 1.113E-08 Pcsk2 proprotein convertase subtilisin/ 1.478 3.103E-05 1.194 0.0296169
kexin type 2

epac-1 2.081 6.325E-08  Rapgef4 Rap guanine nucleotide exchange  0.648 0.0040905 0.877 0.0298008
factor (GEF) 4

exc-5 1.032 9.899E-06 Fgd3 FYVE, RhoGEF and PH domain 1.764 1.718E-56  0.443 0.0400597
containing 3

T03G6.3 2.356 2.263E-21  Enpp6 ectonucleotide pyrophosphatase/  1.473 0.0001826 1.316 0.0482077
phosphodiesterase 6

F47F2.1 0.727 0.0091527  Prkx protein kinase, X-linked 0.372 0.0038382 0.454 0.0373704

ceh-31 2.777 1.650E-09 Barhl2 BarH-like 2 (Drosophila) Inf 0.0201619 Inf 0.0469553

ceh-30 1.530 8.221E-05

tub-2 0.428 0.0269801 Tulp4 similar to mKIAA1397 protein; 0.2171 0.0137626 0.410 0.0445156

tubby like protein 4

Differentially Expressed Genes, Downregulated

C. elegans  daf-2 daf-2 M. Musculus irs-17"~ irs-17'~ insrt’~ insrt’~

Gene Log2 Fold P Value Gene Gene Name Log2 Fold P Value Log2 Fold P Value

nuc-1 —1.880 2.085E-11  Dnase2a Dnase2a deoxyribonuclease Il —0.581 0.0006621 —0.643 0.0181585
alpha

F35G2.1 —0.758 0.0243548  Qsox1 quiescin Q6 sulfhydryl oxidase 1 —0.323 0.0091651  —0.851 0.0002569

MO1F1.9 —0.911 0.0050494 Rgpt RGP1 retrograde golgi transport —0.366 0.0035610 —0.567 0.0262451
homolog (S. cerevisiae)

C0o1B10.9  —0.696 0.0435967 Enpp4 ectonucleotide pyrophosphatase/ —1.539 8.893E-17 —2.300 8.870E-20

phosphodiesterase 4
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Table 2. Continued

Differentially Expressed Genes, Downregulated

C. elegans  daf-2 daf-2 M. Musculus irs-17"~ irs-17"~ insr*'~ insr*’'~

Gene Log2 Fold P Value Gene Gene Name Log2 Fold P Value Log2 Fold P Value

T13C2.4 —1.075 0.0006532  Ssu72 Ssu72 RNA polymerase || CTD —0.515 0.0000335 —0.521 0.0430715
phosphatase homolog (yeast)

F53F10.3 —0.716 0.0367228 Brp44 brain protein 44 —0.633 0.0000076  —0.604 0.0313828

Cutoff for all three sets, p = 0.05.

(800 g, 30 s). The worm pellet was transferred to freshly prepared MitoTracker
Red CM-H2X and incubated for 2 hr 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 an additional
1 hrat 20°C. Aliguots of 100 pul worm suspension were distributed into a 96-well
FLUOTRAC plate (Greiner Bio-One, Frickenhausen, Germany). Fluorescence
intensity was measured in a microplate reader (FLUOstar Optima, BMG Lab-
tech, 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 a 96-well plate. After
24 hr, cells were incubated with medium containing 1 1M MitoTracker Red
CM-H,X ROS for 30 min. Cells were then washed two times with PBS, and
fluorescence intensity was measured at the same conditions described above.

Amplex Red-Based Quantification of Supernatant Hydrogen

Peroxide in C. elegans

Worms were removed from plates with 0.05 M 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. First determi-
nation of fluorescence was done without horseradish peroxidase (HRP)
(Sigma-Aldrich, St. Louis, MO, USA) only in the presence of 1 uM Amplex
Red (Invitrogen, Carlsbad, CA, USA) to detect possible a nonspecific increase
in fluorescence (which was not observed). Next, 0.01 U/ml HRP was added,
and changes of fluorescence were recorded with a fluorescence detector
(LF402 ProLine, IOM, Berlin, Germany) for at least 15 min at excitation and
emission wavelengths of 571 and 585 nm, respectively. Immediately after-
wards, 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 a 96-
well plate. After 24 hr, Amplex Red Assay was performed according to the
manufacturer’s instructions. Fluorescence intensity was measured in a micro-
plate 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 the initial rupture of nematodes was done by a Potter/Elvehjem
tissue grinder at 400 rpm with three slow up-and-down strokes. Isolated mito-
chondria (50 pg) 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 as
described above (for whole worms), while only 0.1 U/ml horseradish peroxi-
dase was used. Pyruvate (2.5 mM) and 1.25 mM malate (final concentrations)
were add