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Life-Span Extension From Hypoxia in Caenorhabditis
elegans Requires Both HIF-1 and DAF-16 and Is
Antagonized by SKN-1
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Stabilization of the hypoxia-inducible factor (HIF-1) protein extends longevity in Caenorhabditis elegans. However,
stabilization of mammalian HIF-1a has been implicated in tumor growth and cancer development. Consequently, for
the hypoxic response to benefit mammalian health, we must determine the components of the response that contribute
to longevity, and separate them from those that cause harm in mammals. Here, we subject adult worms to low oxygen
environments. We find that growth in hypoxia increases longevity in wild-type worms but not in animals lacking HIF-1
or DAF-16. Conversely, hypoxia shortens life span in combination with overexpression of the antioxidant stress response
protein SKN-1. When combined with mutations in other longevity pathways or dietary restriction, hypoxia extends life
span but to varying extents. Collectively, our results show that hypoxia modulates longevity in a complex manner, likely

involving components in addition to HIF-1.
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DAPTING to stressful environments is important for the

survival of cells and organisms. Through evolution and
adaptation, organisms have developed sophisticated ways to
respond to and survive during times of stress, and sometimes
activating such responses can confer a longevity benefit (1).
In Caenorhabditis elegans, both acute and chronic stress can
extend healthspan and life span via several distinct pathways
(2,3). Many stress response pathways present in C. elegans
also exist in humans. By identifying mechanisms involved
in stress-associated longevity, it may be possible to increase
longevity without experiencing the stress itself.

The response to low oxygen (hypoxia) plays a major role
in acute injury (eg, ischemia and reperfusion), tumor forma-
tion, and growth and has recently been implicated in aging
(4-8). Previous work indicates that subjecting C. elegans
to low oxygen conditions significantly increases worm
life span (9,10). The life-span increase is observed when
worms are exposed to hypoxia for life starting from a late
larval stage or for just the first day of adulthood (10). The
low oxygen environment activates the hypoxic response
pathway, mediated by the hypoxia-inducible factor (HIF-
1). Previous data also show genetic stabilization of the
C. elegans HIF-1 protein (mammalian HIF-1a) under nor-
moxic conditions is sufficient to extend life span (10-12).
However, many aspects of this pathway remain unclear,
including the mechanism of increased longevity, the differ-
ence between genetic and environmental manipulations of
HIF-1, and the targets of HIF-1 that are relevant to aging.

The mechanism of HIF-1 stabilization under low oxygen
has been extensively studied and appears to be highly
conserved. When oxygen is abundant, HIF-1 is efficiently
hydroxylated by the prolyl hydroxylase EGL-9 (ortholog
to human PDH proteins). The hydroxylation allows HIF-1
to be recognized and ubiquitinated by the E3 ligase von
Hippel-Lindau 1 (VHL-1) protein, leading to subsequent
proteasomal degradation of HIF-1 (13). Hypoxia inhibits
HIF-1 prolyl hydroxylation, leading to stabilization of the
transcription factor and activation of its target genes. In
mammals, this includes vascular endothelial growth factor,
which activates a tyrosine kinase pathway, ultimately leading
to angiogenesis (14—16). In humans, genetic activation of
the hypoxic pathway has adverse effects. VHL disease is
a recessive condition caused by deleterious mutations in
the VHL-1 tumor suppressor that results in increased levels
of HIF-1, giving rise to hemangioblastomas, typically
found in the cerebellum, spinal cord, kidneys, and retina
(17). However, in C. elegans, which lacks a circulatory
system (and therefore, vascular endothelial growth factor),
and, excluding the germ line, is postmitotic in adulthood,
stabilization of HIF-1 does not appear to negatively affect
the health of the worm and leads to a significant longevity
benefit (10). Worms that have mutated vhl-1 have a 30%—
50% increase of life span, depending on temperature, and
have increased healthspan as measured by autofluorescence
accumulation, vulval integrity, and protein homeostasis
(18). Activation of the hypoxic pathway appears to extend
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life span and healthspan by a mechanism distinct from
dietary restriction (DR) and insulin-like signaling (10).

Although it was unexpected that genetic stabilization of
HIF-1 by vhl-1 mutation increased worm longevity, it was
also surprising that subjecting adult worms to low levels of
oxygen increased longevity without obvious health defects,
except for decreased fecundity. However, the increase in
longevity from hypoxia was reported to be considerably
less than from vhl-1 mutation (10), and previous microar-
ray studies suggest that hypoxia and vhl-I mutation have
overlapping but distinct transcriptional profiles (19). These
data agree with the accepted mechanism of HIF-1 regu-
lation because hypoxia prevents prolyl hydroxylation of
HIF-1, whereas vhl-1 mutation only prevents proteosomal
degradation. Thus, HIF-1 activation in hypoxia may more
closely mirror eg/-9 mutation rather than vhl-1 mutation.
Interestingly, although RNAi knockdown of egl-9 can
extend life span (10), some mutations in nematode egl-9
have no significant longevity effect (20).

In order to better understand the mechanisms of hypoxia-
induced longevity, we explored the interaction between
hypoxia and known pathways relevant to aging in C. ele-
gans, many of which also affect resistance to diverse forms
of stress. One pathway in C. elegans with the ability to
respond to a wide variety of stresses is the insulin/IGF-1-like
signaling (IIS) pathway, which was the first genetic pathway
identified to influence longevity (21). Signaling through the
insulin-like receptor DAF-2 acts through the worm phos-
phoinositide 3-kinase ortholog, AGE-1, to negatively regu-
late the activity of the forkhead transcription factor, DAF-16
(homolog to mammalian FOXO), resulting in its nuclear
exclusion. DAF-16 is activated in response to multiple types
of stress, and activating DAF-16 robustly increases the life
span of C. elegans (22,23). Worms with a mutation to age
1 have increased activity of DAF-16, and their longevity
is extended in 1% oxygen (9). We and others have shown
that stabilization of HIF-1 extends life span independently
of DAF-16, consistent with the model that HIF-1 promotes
longevity by a mechanism distinct from IIS (7).

DR, defined as a reduction in nutrient availability with-
out malnutrition, has been the most studied environmen-
tal intervention in aging research over the last 75 years
(24). DR increases life span in many organisms, including
yeast, C. elegans, mice, rats, and Rhesus monkeys (25,26).
Although the mechanisms behind life-span extension by DR
in C. elegans are not totally clear, there is evidence that DR
acts through multiple longevity factors, including the mech-
anistic target of rapamycin pathway, AMP-activated protein
kinase (AMPK), and the transcription factors HSF-1 and
PHA-4 (27). Life-span extension from DR is distinct from
stabilization of HIF-1, and HIF-1 is not required for DR to
increase longevity (10).

In addition to IIS and DR, there are several factors that
have been linked to cellular stress resistance or longev-
ity that might be expected to interact with HIF-1. Among
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these are SKN-1, SIR-2.1, AAK-2, and CEP-1. The tran-
scription factor, SKN-1 is an important developmental gene
(28) that functions in adults to respond to oxidative stress,
and overexpression of SKN-1 increases life span (28-30).
Sirtuins are NAD-dependent protein deacetylases that pro-
mote longevity in Saccharomyces cerevisiae (31) and have
been linked to multiple age-related diseases in mice (32).
Overexpression of the worm sirtuin SIR-2.1 is reported to
extend life span in C. elegans (33), although a recent report
failed to replicate this result (34). Recent studies have linked
sirtuins to HIF in mammals, showing that SIRT1 can dea-
cetylate both HIF-1a and HIF-2a, and SIRT6 can regulate
HIF-1o downstream genes (35-38). AMPK plays a central
role maintaining cellular energy homeostasis and has been
associated with life-span extension through both IIS and
DR. Activating the worm AMPKa subunit, AAK-2, is suf-
ficient to increase life span (39), and AMPK is required for
worms to adapt to complete loss of oxygen (anoxia) (40).
CEP-1 is the functional ortholog of the p53 tumor suppres-
sor in C. elegans and mediates multiple stress responses.
CEP-1 has been reported to act downstream of HIF-1 in
protecting germ line cells from ionizing radiation (41).
CEP-1 also may play a role in hypoxia-induced lethality
and in longevity in response to starvation in worms (42).

In this study, we define the interaction between hypoxia
and pathways thought to interact with the hypoxic
response or the aging process to influence worm longev-
ity. Collectively, the results confirm that hypoxic treatment
increases life span in worms but show that the hypoxic path-
way is intertwined with other stress response pathways in
the context of aging.

METHODS

Strains and Growth Conditions

Standard procedures for C. elegans strain maintenance
and handling were used, as described previously (43—46).
All experiments were performed on animals fed UV-killed
Escherichia coli OP50 from egg. Experimental animals
were maintained on solid nematode growth medium with
50 pg/mL ampicillin added. Experiments were performed
on animals maintained at 20°C. Nematode strains used in
this study are described in Supplementary Table 1.

Life-Span Analysis

Life-span analyses were carried out as described (47).
Worms subjected to hypoxia were placed in an airtight
chamber (Nalgene, Rochester, NY) filled with N, gas to keep
oxygen levels at 0.5%. This chamber was kept in the same
incubator in which normoxia worms were stored. Worms
undergoing bacterial deprivation treatment were transferred
on Day 4 of adulthood to nematode growth medium without
UV-killed OP50. Statistical analysis and replication of life-
span experiments are shown in Supplementary Table 2.
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Ruptured animals were included in life-span experiments.
Animals that left the surface of the plate and failed to return
during the experiment were censored.

Quantification of DAF-16::GFP Puncta

Fluorescence microscopy was measured using a Zeiss
SteREO Lumar.V12 (Thornwood, NY) microscope as pre-
viously described (10,45). Eggs were prepared from gravid
DAF-16::GFP adult worms and placed on nematode growth
medium with empty vector control or RNAi expressing
bacteria. Animals were grown at 20°C for 3 days and then
treated with hypoxia or heat shock (37°C) for 2h, before
being imaged using a Zeiss SteREO Lumar.V12 microscope
as previously described (45). Animals were paralyzed with
25 mM sodium azide and placed on a Teflon printed 8-well
glass slide with 6-mm well diameter (Electron Microscopy
Sciences; Hatfield, PA). The GFP filter (470/40 excitation
band-pass filter and 525/50 emission band-pass filter) was
used to image the DAF-16::GFP worms at 150x magnifica-
tion with exposure time of 40 ms for bright field and 500 ms
for GFP filter. The Image J 1.341.5.0_07 software (48) was
employed for inverting the images and converting them to
32-bit format and then manually counting the worms for the
presence or absence of distinct GFP nuclear puncta. Worms
were scored (+) or (—) for puncta, where (+) is defined as
three or more puncta (worms on empty vector RNAi occa-
sionally have a single punctum).

Quantification of DAF-16 Targets

Synchronized populations of N2 worms were generated
by bleach prep (adapted from WormBook). At L4 stage, one
third of the cohort was moved to hypoxia for 2 h, one third to
hypoxia for 6 h, and one third remained in normoxia. Worms
were harvested for mRNA using Trizol reagent (Invitrogen
catalog no. 15596026) and TURBO DNA-free Kit treatment
(Invitrogen catalog no. AM1907M) after these time points
and subsequently used to produce cDNA (Superscript III,
Invitrogen catalog no. 18080-0444) for gPCR amplification
using a Rotor-Gene SYBR Green PCR Kit (Qiagen catalog
no. 204076). Expression levels were normalized to the actin
gene, act-3, and then to the normoxic controls. Primers used:
act-3F: CTCTTGCCCCATCAACCATG; act-3R: CTTGC-
TTGGAGATCCACATC; CC8.2 F: AAACCCTCCCATCA-
GCTCTC; CC8.2 R: GCATTTGCCTTCCGAAAGTTTG;
sod-3 F: ACACTATTAAGCGCGACTTCG; sod-3 R: AG-
TTGGCAATCTTCCAAATAGC; mtl-1F: ATGGCTTGCA-
AGTGTGACTG;mil-1R:GCTTCTGCTCTGCACAATGA,;
sip-1 F: TTCGAGGACATGATGCCATA; sip-1 R: TGAA-
CGATCTCTTGCTGAACC

Statistical Analysis
A Wilcoxon rank-sum test (MATLAB “ranksum” func-
tion) was used to calculate p values to define statistical
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significance for life-span assays. The mean life spans, num-
ber of animals, number of replicate experiments, and p values
are shown in Supplementary Table 2. A two-tailed Student’s
t test was done using the T-TEST function in Microsoft Excel
to calculate p values for DAF-16::GFP positive worms.

RESULTS

HIF-1 Is Required for Life-Span Extension by Hypoxia

We first explored the role of HIF-1 in hypoxia-induced
longevity by measuring life spans of well-characterized
C. elegans strains with mutations in the hypoxic response
pathway (Figure 1). In our standard laboratory conditions
(20°C on solid agar plates containing UV-killed OP50 bac-
teria), hypoxia (0.5% O,) was introduced to one cohort of
worms after development (L4 stage), whereas the other
cohort remained in normoxia (21% O,). As expected, N2
(wild-type) worms in hypoxia had a statistically significant
life-span increase when compared with control worms in
normoxia (Figure 1A). Hif-1(ia4) mutants, which are null
for HIF-1 protein (49), did not have a significant change
in life span in hypoxia (Figure 1B). This indicates that
although HIF-1 is required to extend longevity in hypoxia,
hypoxic treatment during adulthood in the absence of
HIF-1 does not decrease worm life span. To assess whether
hypoxia could further increase the longevity of a strain with
stabilized HIF-1, we measured life spans of vhl-1(0okl161)
mutants in normoxia and hypoxia. In normoxia, the stabi-
lized HIF-1 causes these worms to be long-lived compared
with N2 (10,12). However, compared with their normoxic
counterparts, hypoxia decreased vhil-I worm longev-
ity slightly (-6.9%, Figure 1C), suggesting that hypoxic
treatment could not further activate HIF-1 in a beneficial
manner. The small decrease in longevity may indicate that
further activation of HIF-1 by hypoxia in vhl-I worms may
be detrimental, possibly in a similar manner to previous
work in eg/-9 mutant worms in normoxia (13,20,50).

DAF-16 Is Required for Lifespan Extension in Hypoxia

We next studied if hypoxia interacts with the IIS path-
way. Using daf-16(mu86) mutant worms lacking functional
DAF-16/FOXO protein (23), we found that hypoxia did not
increase the longevity of these animals (Figure 2A). Thus,
DAF-16 is required for hypoxia-induced longevity. To
determine whether DAF-16 is also activated by hypoxia,
we observed DAF-16 localization as an indicator of func-
tion. Using DAF-16::GFP transgenic worms, we assayed
the subcellular localization of the DAF-16::GFP fusion
protein. As expected, in normoxia, the worms had diffuse
cytoplasmic DAF-16 localization (Figure 2B). However,
when exposed to hypoxia, DAF-16 translocated to the
nucleus, which indicates activation (Figure 2B and C) (51).
Thus, DAF-16 is not only necessary to extend life span by
hypoxia but is relocalized to the nucleus by hypoxia.
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Figure 1. Life-span extension by hypoxia requires HIF-1. This figure shows life spans of Caenorhabditis elegans cultured at 20°C on UV-killed OP50 bacteria in
both normoxia (21% 0O,) and hypoxia (0.5% O,) throughout adulthood. (A) N2 (wild-type) worms have increased longevity in hypoxia (median life-span increase of
12.5%, p value 2.3E-4). (B) hif-1 mutant worm life span is unaffected by hypoxia (—4.3% decrease in median life span, p value .18). (C) vhi-1 mutant worm (stabilized
HIF-1) life span is decreased by hypoxia (median life-span decrease of —=6.9%, p value 1.2E-4). Composite of all trials are shown. Significance: *p < .01, **p <.001.

We further explored the effect of hypoxia on DAF-16
activity by measuring the expression of previously reported
(52-54) DAF-16 targets by quantitative PCR in worms main-
tained under normoxic and hypoxic conditions (Figure 2D).
In agreement with the nuclear localization data, we found
that mRNA levels DAF-16 targets including sod-3, sip-1,
mtl-1, and CC8.2 were all increased in worms exposed to a
low oxygen environment for either 2 or 6 hours. These data
support the life span and protein localization findings, and
suggest that hypoxia causes DAF-16 to activate at least a
subset of its targets.

DR and Hypoxia Do Not Interact to Extend Life Span

DR is the most reproducible environmental method for
increasing longevity across multiple species. There are sev-
eral published DR protocols in C. elegans (55). We have
extensively utilized the bacterial deprivation method of
DR, where animals are kept on nematode growth medium
plates without bacterial food during adulthood (43-46). We
previously reported that deletion of HIF-1 does not prevent

life-span extension from bacterial deprivation, suggest-
ing that HIF-1 and DR act in genetically distinct longevity
pathways (10). Consistent with this model, hypoxia further
extended the life span of dietary-restricted animals that were
already long lived relative to control animals (Figure 3).

SKN-1 Interactions With Hypoxia

SKN-1 is a transcription factor involved in response to
oxidative stress and is the ortholog to mammalian Nrf2.
We found that the life spans of loss-of-function alleles
skn-1(zu67) and skn-1(zul35) mutants were extended in
hypoxia to an extent comparable to or greater than that of
N2 (Figure 4). This suggests that SKN-1 is not necessary
for hypoxia-induced life-span extension. A previous study
reported that worms that overexpress SKN-1 are long lived
when compared with controls in normal conditions (30).
Surprisingly, we find that worms overexpressing SKN-1
(1s007 skn-1b/c::gfp) have shorter life spans in hypoxia
than in normoxia (Figure 4C). The detrimental effect of
hypoxia on these worms indicates that these two pathways
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Figure 2. DAF-16 is required for life-span extension in hypoxia. (A) daf-16 mutant worm life span is not extended by hypoxia (change in median life span is 0%).
Composite of all four trials are shown. (B) Hypoxic conditions cause DAF-16 to localize to the nucleus, approximately to the frequency of daf-2 (RNAI), as visual-
ized by DAF-16::GFP transgenic worms with nuclear puncta when imaged. (C) Quantification of the fraction of animals with nuclear puncta. (D) Quantification of

DAF-16 target mRNA levels by qPCR.
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Figure 3. Dietary restriction (DR) and hypoxia do not interact to extend life span. Worms under DR (bacterial deprivation [BD] after Day 4 of adulthood) have
extended longevity in hypoxia (20.0% median life-span increase, p value 1.5E-31). Composite of all trials are shown. Significance: **p < .001.

are not independent, despite SKN-1 not being a required for
the longevity effects of hypoxia.

Life-Span Extension From Hypoxia Does Not Require
SIR-2.1, AAK-2, or CEP-1

We also tested several additional genetic backgrounds
known to influence longevity for interactions with

hypoxia-mediated longevity (Figure 5, summarized in
Figure 6). Sirtuins are a well-studied group of proteins that
have recently been linked to the hypoxic response in mam-
mals (35-38). However, using the null sir-2.1(0k434) worm
strain, we found that sir-2.1(0k434) worm life spans were
extended by hypoxia, albeit by a slightly lower percent-
age than control worms (Figure SA). This likely indicates
little or no interaction between hypoxia and SIR-2.1 for
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Figure 4. SKN-1 and the hypoxic response. This figure shows life spans of Caenorhabditis elegans cultured at 20°C on UV-killed OP50 bacteria in both normoxia
(21% 0O,) and hypoxia (0.5% O,) throughout adulthood. (A) In hypoxic conditions, skn-1(zu-67) mutants increase median life span 14.3% and (B) skn-1(zul35)
mutant worms increase median life span by 22.2% (p values 9.0E-13 and 5.8E-16, respectively). (C) 1s007 (skn-1b/c::gfp) worms (overexpressing SKN-1) have a
median life-span decrease of —21.7% (p value 8.0E-6). Composite of all trials are shown. Significance: **p < .001.

worm longevity. Similarly, aak-2, encoding the catalytic
alpha subunit of AMPK, is not required for life-span exten-
sion by hypoxia (Figure 5B). Aak-2(0k524) mutant worms
responded in a manner similar to that of sir-2.1(ok434)
worms with increased longevity in hypoxia, but not quite at
the same level as the wild type. Thus, the AAK-2 catalytic
subunit of AMPK, which acts in response to environmental
stresses, insulin-like signaling, and cellular energy status,
is not required for life-span extension by hypoxia. Finally,
to determine whether hypoxia interacts with the worm p53
ortholog, we tested the effect of hypoxia on cep-1(gkl38)
mutants. Similar to the case for SIR-2.1 and AAK-2,
hypoxia was able to extend the life span of cep-1 mutant
animals (Figure 5C).

DiscussioN

The hypoxic response pathway is critical for adapting to
low oxygen environments and plays an important role in
promoting longevity in C. elegans. Here, we have identified
HIF-1 as a key factor involved in mediating life-span exten-
sion from hypoxia in worms. We have also identified unex-
pected interactions between hypoxia-induced longevity and
two additional transcription factors: DAF-16 and SKN-1.

These observations suggest that the longevity effects of
hypoxia are interwoven with several longevity pathways.
They also suggest that hypoxia extends life span by mecha-
nisms that are overlapping but distinct from stabilization of
HIF-1 under normoxic conditions.

The fact that HIF-1 is required for life-span extension by
hypoxia is not surprising, given that HIF-1 is known to be
stabilized and activated in hypoxia. It is somewhat surpris-
ing, however, that hypoxia does not have a detrimental effect
on the longevity of hif-1 mutants. This suggests that HIF-1
may be more important during development in hypoxia, at
least at 0.5% oxygen, and is largely dispensable for longev-
ity during adulthood. We also observed that vil-1 mutants,
which have constitutively active HIF-1 and are long lived in
normoxia (10), do not further benefit from low oxygen con-
ditions. Recall that HIF-1 in vAl-1 mutants is still hydroxy-
lated, and consequently, it has lower transcriptional activity
(50). Therefore, hypoxia does not further enhance HIF-1
activity in these animals in a way that increases life span,
perhaps suggesting a threshold beyond which further acti-
vation of HIF-1 does not equate with additional longevity.

The requirement of DAF-16 for life-span extension from
hypoxia was unanticipated. Our results agree with a previ-
ous study reporting that some DAF-16 targets are activated
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Figure 6. Genes independent of the HIF-1 pathway. This figure shows life spans of Caenorhabditis elegans cultured at 20°C on UV-killed OP50 bacteria in both
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increases of 8.3%, p value 9.6E-6; 9.5%, p value 4.6E-8; and 3.7%, p value 5.1E-3, respectively). Composite of all trials are shown. Significance: *p <.01, **p <.001.
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by hypoxia and there is evidence that FOXO3a is a HIF-1a
target gene in mammalian cells (19,56,57). Also, several
daf-2 mutants confer resistance to hypoxia (58), and have
been reported to act partially through a DAF-16-dependent
mechanism (59). Our results support the model that DAF-
16 is not only required for life-span extension from hypoxia
but is also activated by hypoxia. Hypoxia is sufficient to
cause DAF-16 to relocalize to the nucleus and also induces
transcriptional changes in known DAF-16 target genes con-
sistent with activation of DAF-16. Interestingly, stabiliza-
tion of HIF-1 by mutation of vhl-I does not cause DAF-16
to localize to the nucleus (18), and life-span extension in
vhi-1 mutants is independent of DAF-16 (10-12). This sug-
gests that hypoxia-induced longevity may involve factors
other than HIF-1. Thus, it seems unlikely that activation
of DAF-16 by hypoxia is solely the result of HIF-1 stabi-
lization. In fact, there is evidence that HIF-1 can act as a
negative regulator of DAF-16. RNAi knockdown of hif-1
causes DAF-16 to relocalize to the nucleus, and DAF-16
is required for life-span extension from hif-1 deletion or
knockdown at 25°C (18). Together with the data presented
here, this may suggest that knockdown of hif-I under
normoxic conditions is sufficient to trigger the “hypoxia
signal” that DAF-16 is responding to when worms are sub-
jected to hypoxia. It will be of interest in future studies to
determine how DAF-16 is regulated under each of these
conditions.

The observation that hypoxia confers an additive life-
span increase when combined with DR by bacterial
deprivation is consistent with prior data indicating that both
HIF-1 and DAF-16 promote longevity by mechanisms that
are distinct from bacterial deprivation (10,43). Likewise,
the ability of hypoxia to extend life span in animals with
mutations in sir-2. I and aak-2 indicates that the mechanism
of life-span extension is at least partially distinct from these
factors as well. These data should be considered in light of
potential redundancy of function with other sirtuin family
members or the aak-2 paralog aak-1. Thus, it is not possible
to completely rule out a role for sirtuins or AMPK in the
life-span extension under hypoxic conditions.

Our rationale for examining the role of CEP-1 in hypoxia-
mediated life-span extension was based on a recent study
reporting that HIF-1 expression in neurons antagonizes
CEP-1-mediated germ line apoptosis (41). Reduced expres-
sion of cep-1 is also reported to extend life span (60). Thus,
we considered the possibility that hypoxia might extend life
span by inhibition of CEP-1. This does not appear to be the
case, however, because hypoxia was still able to increase
life span in cep-1 mutant animals.

In contrast to HIF-1 and DAF-16, the SKN-1 transcrip-
tion factor appears to antagonize the effect of hypoxia on
longevity. Animals with reduced SKN-1 function show
a robust life-span extension from hypoxia, whereas ani-
mals with increased skn-1 expression have their life spans
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shortened by hypoxia. These data suggest that hypoxia is
not acting through SKN-1 to promote longevity, but instead
is acting despite SKN-1. One possibility is that SKN-1
impairs the hypoxic response itself; however, this seems
unlikely as hif-I mutants are not short-lived in hypoxia.
Alternatively, activating the SKN-1 antioxidant response
may create a buffer against reactive oxygen species, and in
combination with the decrease in oxygen during hypoxia,
this may create a reducing environment that is toxic to
worms. It is also possible that overexpressed SKN-1 com-
petes with HIF-1 for binding sites or other cofactors in a way
that disrupts the normal response to hypoxia. Regardless, it
is interesting that the action of a stress response pathway is
able to not only preclude the longevity benefit of hypoxia
but to cause a longevity deficit.

The role of hypoxia in mammals has mainly been
studied in the context of ischemia and reperfusion injury
and tumor cell growth. Because of this, the positive effects
of HIF-1 stabilization in mammals are less understood, but
there are data that suggest HIF-1 plays a protective role in
brain aging (61). It is clear that increased HIF-1 activity
in an organism such as C. elegans that is not susceptible
to cancer leads to a significant life-span benefit. HIF-1
activation is not always beneficial to C. elegans (as
supported by work with egl-9 mutants), however, and it
is likely that the prolongevity effects of HIF-1 arise due
to the action of specific HIF-1 target genes in a subset
of cells. In order to gain insight into potential benefits of
HIF-1 activity in mammals, it is necessary to explore the
HIF-1 pathway in greater detail, including the downstream
genes, tissues, and pathways involved in HIF-1-mediated
longevity in C. elegans. By defining conserved longevity
pathways and key regulatory factors for these pathways,
it may be possible to enhance longevity and healthspan in
people.

SUPPLEMENTARY MATERIAL

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