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2002.—Chronic exposure to environmental heat improves
tolerance via heat acclimation (AC). Our previous data on
mammals indicate that reprogramming the expression of
genes coding for stress proteins and energy-metabolism en-
zymes plays a major role. Knowledge of pathways leading to
AC is limited. For their identification, we established a Cae-
norhabditis elegans AC model and tested mutants in which
signaling pathways pertinent to acclimatory responses are
mutated. AC attained by maintaining adult C. elegans at
25°C for 18 h enhanced heat endurance of wild-type worms
subjected to heat stress (35°C) and conferred protection
against hypoxia and cadmium. Survival curves demonstrated
that both daf-2 (insulin receptor pathway) showing enhanced
heat tolerance and daf-16 loss-of-function (a transcription
factor mediating DAF-2 signaling) mutants benefit from AC,
suggesting that the insulin receptor pathway does not medi-
ate AC. In contrast, the hif-1 (hypoxia inducible factor) loss-
of-function strain did not show acclimation, and non-accli-
mated vhl-1 and egl-9 mutants (overexpressing HIF-1) had
greater heat endurance than the wild type. Like mammals,
HIF-1 and HSP72 levels increased in the wild-type AC nem-
atodes. HSP72 upregulation in AC hif-1 mutants was also
observed; however, it was insufficient to improve heat/stress
tolerance, suggesting that HIF-1 upregulation is essential for
acclimation, whereas HSP72 upregulation in the absence of
HIF-1 is inadequate. We conclude that HIF-1 upregulation is
both an evolutionarily conserved and a necessary component
of heat acclimation. The known targets of HIF-1 imply that
metabolic adaptations are essential for AC-dependent toler-
ance to heat and heavy metals, in addition to their known
role in hypoxic adaptation.
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UPON TRANSFER FROM ONE TEMPERATURE to another for
prolonged periods of time, most animals are able to
adapt physiologically and biochemically to the new
environmental conditions. This process is termed heat

acclimation, and if successful, it enhances heat toler-
ance in terms of the upper extreme of tolerable tem-
perature and the duration of heat endurance (15). This
leads to delayed appearance of heat injuries (15, 16). In
contrast to evolutionary adaptation, acclimation is
mostly phenotypic adaptation, although genetic pro-
cesses may be involved (3). In mammals, heat acclima-
tion can be achieved via prolonged exposure to moder-
ate ambient heat at the upper edge of the body’s ther-
mal comfort zone. The acclimated phenotype exhibits
an extended operative thermoregulatory range com-
pared with the preacclimation state and enhanced met-
abolic efficiency, thus improving cellular performance.
Reprogramming of gene expression and posttransla-
tional variations underlie the developing acclimatory
responses (17). The signaling pathways and molecules
targeted to acclimatory responses include G proteins,
cytoprotection factors [e.g., via the heat shock protein
HSP 72 kDa (HSP72)], antioxidants, several transcrip-
tion factors, metabolic enzymes, and contractile pro-
teins (2, 9, 10, 24, 25). Of significance are our findings
of marked upregulation of HSF1 (heat shock transcrip-
tion factor; unpublished observations, A. Maloyan and
M. Horowitz), increased HSP72 cellular reserves, lead-
ing, upon stress, to the provision of cytoprotection
without the need for de novo protein synthesis (24),
and the stabilization of the hypoxia-inducible tran-
scription factor (HIF-1�) at a high constitutive level
(25). HIF-1�, a master regulator of oxygen sensitivity
and controller of most glycolytic enzymes, has been
shown to be targeted for proteosomal degradation in an
oxygen-dependent manner (8, 30). Currently, its role in
heat acclimation has not yet been directly assessed,
and it is not clear whether an increased level of HIF-1�
is functionally important or only an epiphenomenon.

An important inseparable consequence of heat accli-
mation is the “cross-tolerance phenomenon,” in which
adaptation to one stress also confers protection against
an additional type of stress. In prior studies in mam-
malian systems we have substantiated the develop-
ment of long-term cross-tolerance between heat accli-
mation and several other environmental stressors with
one common denominator: oxygen deprivation and/or
the consequences of reoxygenation (10, 15). This was
shown, for example, in the rat when heat acclimation
conferred cardioprotection upon ischemic reperfusion
insults (10, 16) and delayed the threshold of oxygen
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toxicity under subjection to hyperoxic conditions (1).
Cross-tolerance has been previously described for sev-
eral related phenomena, among which “precondition-
ing,” providing short-acting tolerance, is generated
when a short exposure to sublethal stress confers pro-
tection against a subsequent stress (29, 37). Extensive
studies in respect to thermal and ischemic precondi-
tioning have shown that upregulation of HSPs is in-
volved in the cytoprotection achieved (37). By Selye’s
(29) definition, preconditioning can be counted as one
facet of the general stress response. In contrast to this
short-acting stress response, heat-acclimation-medi-
ated cross-tolerance confers a long-lasting period of
protection and seems to involve mechanisms other
than merely cytoprotection (10). Our studies on mam-
malian models indicate that changes in the expression
of metabolic enzymes and enhanced metabolic effi-
ciency are involved (10). Our novel finding in the rat,
having established that HIF-1� is also induced during
heat acclimation (25), suggests that this transcription
factor may also be a player in the development of
cross-tolerance.

An elegant approach to examine the signaling path-
ways is to use genetic models. This approach has
gained power in the last two decades when genome
studies have revealed striking similarities between
regulatory proteins in humans and those in animals
more amenable to genetic manipulations, such as Cae-
norhabditis elegans, Drosophila, or zebrafish (23). The
demonstration that the nematode C. elegans displays
broad hormetic abilities (hormesis is the induction of
beneficial effects by exposure to low doses of otherwise
harmful chemical or physical agents) (6) challenged us
to study signaling pathways leading to heat acclima-
tion. Specifically genetics was used to test the hypoth-
esis that HIF-1� indeed plays a role in heat acclima-
tion. Although the responses of C. elegans to acute heat
shock have been extensively studied (6, 20), no data
were available in respect to its ability to acclimate to
heat. The purpose of the present investigation was
therefore twofold: 1) to study whether C. elegans can
acclimate to heat, and to develop an appropriate heat
acclimation protocol; and 2) given our findings in mam-
malian species, to test the hypothesis that the pathway
to heat acclimation involves HIF-1 mediation. Our
data provide the unequivocal finding that HIF-1, the C.
elegans ortholog of the mammalian HIF-1�, is essential
for heat acclimation, and they suggest that overexpres-
sion of HIF-1 may be sufficient for initial transient
heat tolerance during subjection to heat stress.

MATERIALS AND METHODS

C. elegans mutants, experimental conditions, and in vivo
response assessment. Experiments were conducted on C. el-
egans nematodes of either wild type (N2) or strains carrying
the following mutations: 1) daf-2(e1370), 2) daf-16(mDf50), 3)
daf-16(m26), 4) hif-1(ia4), 5) egl-9(n571), and 6) vhl-1(ok161).
The strains daf-16(mDf50), hif-1(ia4), and vhl-1(ok161) are
complete loss-of-function mutations. The mutations used can
be categorized under one of two signaling pathways chosen
on the basis of our findings in the mammalian species: 1) the

DAF-2 insulin receptor pathway, an effector of stress toler-
ance (mutations 1–3); and 2) altered hypoxic tolerance (mu-
tations 4–6).

The worms were bred under standard C. elegans growth
condition (36) at 20°C. Response to environmental stress was
assayed on age-synchronized groups, produced by placing
reproductive adults onto fresh agar plates for 4–6 h and
permitting the eggs laid to develop for 4 days into adults.
Worms of each strain were divided into two groups while
maintaining identical initial density: 1) controls, maintained
at 20°C; and 2) heat acclimated, maintained at 20°C and then
shifted to 25°C for 18 h. Assessment of heat acclimation or
the response to other environmental stressors was done by
the determination of percent survival of both the wild type
and all mutants during exposure to one of the following
stressors: 1) heat stress at 35°C or 37°C for at least 5 h; 2)
CdCl2 (0, 4, 8 or 24 mg% for 5 h at normothermic tempera-
ture); or 3) chemical hypoxia (0.6 mg/ml sodium azide for 20
min at normothermic temperature). For the CdCl2 exposure,
worms were transferred into test tubes containing the CdCl2
dissolved in a buffer solution containing 50 mM NaCl and 30
mM KCl. To assess mortality, we prodded animals with a
platinum wire; nonresponding animals were scored dead;
100% survival signifies that all animals in the plate are alive.
All experiments were repeated 3–4 times on independent
days. During each repetition, 3–4 plates of both the wild type
(N2) and the chosen mutant were studied. Each plate con-
tained 30–50 animals.

Western immunoblot. HIF-1 and HSP72 levels were mea-
sured in transgenic worms containing all the hif-1 coding
sequence fused in-frame to green fluorescent protein (GFP)
(pHJ06Ex6) and in hif-1(ia4) (18). For HSP72, polyclonal
anti-HSP72 antibody (AB) 1:20,000 (Stressgen, Victoria, BC,
Canada) with secondary AB goat anti-rabbit 1:1,000 were
used. For GFP, anti-GFP 1:1,000 (Roche) was used with
secondary AB goat anti-mouse 1:1,000. To further validate
our data, CeHIF-1 level in the N2 worms was measured
using a specific CeHIF-1 AB 1:1,000 (contributed by Peter
Ratcliffe) with goat anti-rabbit 1:1,000 as a second AB. To
ensure equal amounts of initial protein, each membrane was
also probed with polyclonal anti-lamin-specific AB 1:1,000
[nuclear matrix protein (21) contributed by Y. Gruenbaum]
with goat anti-rabbit 1:1,000 second AB.

Sample preparation. The worms were washed twice in M9
buffer and then once with standard double-distilled water.
SDS�M9 (1:1) loading buffer was added immediately (2:1
volume-to-tissue ratio), samples were boiled for 5 min, ultra-
sonicated, and spun down, and the supernatant was quickly
frozen and kept at �70°C until analysis. For SDS electro-
phoresis, 20 �l per lane was applied onto 7.5% polyacryl-
amide gels. After separation by electrophoresis (90 V, 2 h),
the proteins were transferred onto nitrocellulose (190 mA,
4°C, 1 h), blocked for 2 h in phosphate-buffered saline (PBS)
containing 0.5% dried skimmed milk powder, and probed
overnight, at 4°C, with one of the primary antibodies. After
repeated washings, the membranes were incubated at room
temperature for 1 h with horseradish peroxidase-conjugated
goat anti-mouse IgG (Jackson) diluted 1:1,000. Specific anti-
body binding was detected using enhanced chemilumines-
cence (Amersham) and visualized by exposing X-ray film to
the membrane. Following stripping (14), each membrane was
probed with additional antibody as before. The density of the
scanned antibody bands was calculated using Tina software
(Raytest, Straubenhardt, Germany).

Statistical analysis. To assess significant changes, the
commercial software package SigmaStat software (ver. 2.03,
SPSS) with alpha level for significance set at 0.05 was used.
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For comparisons of survivorship curves of the matched con-
trol and AC worms, two-way ANOVA followed by multiple
comparisons (Bonferroni) was conducted. Ambient treat-
ments and heat stress sessions were taken as the fixed
effects, and percent survival was used as the dependent
variable. The individual worm plates were assumed to be
random samples from the worm population. Student’s paired
t-test for specific time point was included as well.

RESULTS

Induction of heat-acclimated C. elegans phenotype.
The C. elegans response to acute heat shock has been
extensively studied. Nevertheless, no data were avail-
able with respect to the ability of C. elegans to accli-
mate nor with respect to a suitable acclimation protocol
for this species. In analogy to homeotherms, in which
heat acclimation is induced by exposure at the upper
limit of the comfortable thermal environment, we de-
cided to examine whether the upper limit of the tem-
perature at which C. elegans is viable and fertile can

induce heat acclimation. It is well established that C.
elegans is viable and fertile in the temperature range
12–25°C (36). The effects of heat stress at 35°C on
synchronized worms grown at 20°C (controls) and
those grown at 20°C and then shifted to 25°C for 18 h
(acclimation) is depicted in Fig. 1. Exposure of the
control group to heat stress led to a quick decline in
viability. More than 50% of the animals died after 5 h,
and at 7 h no surviving animals were detected. In
contrast, viability of the acclimated nematodes de-
clined more slowly, and at 7 h survival was 70%. To
rule out age-dependent differences in heat tolerance (in
C. elegans, developmental rates are temperature de-
pendent), an additional protocol in which heat endur-
ance of synchronized control animals maintained at
20°C for 4 days was compared with that of worms
maintained for 3 days at 25°C. Similar to our first
protocol, this treatment also enhanced stress tolerance
(data not shown).

The DAF-2 insulin-like receptor pathway influences
heat tolerance but not heat acclimation. Mutations in
the DAF-2 receptor reduce the activity of the insulin
receptor pathway, leading to enhanced intrinsic ther-
motolerance, positively correlated with increased lon-
gevity, and increased tolerance to other stressors, e.g.,
hypoxia, as well (4, 20, 28). In agreement with the
previous studies, we find that daf-2(e1370) mutants
were not affected by heat stress at 35°C even prior to
heat acclimation. No mortality was observed even after
6 h of heat exposure (Table 1). Acclimation at 25°C,
however, enhanced the heat tolerance of this mutant.
This was observed upon exposure to heat stress at
37°C. Following 6.5 h at this stress, the acclimated
daf-2 mutants maintained 100% survival, whereas in
the non-acclimated worms about 5% of the worms
survived (Fig. 2, right; Table 1). In comparison, the
wild-type C. elegans showed 23% and 0% survival in
the heat-acclimated and the non-acclimated worms,
respectively (Fig. 2, left). It is noteworthy that during
the initial hour of heat stress (at 37°C) non-acclimated
daf-2 mutants resembled heat-acclimated N2 worms
under similar stress conditions (Fig. 2, right vs. left).

DAF-16 is a forkhead transcription factor that trans-
duces the effects of the DAF-2 insulin receptor path-

Fig. 1. The heat-acclimated C. elegans phenotype: survival curves of
adult wild-type worms grown at 20°C (control, C) and following heat
acclimation (18 h at 25°C, AC) during subjection to heat stress at
35°C. AC worms endured heat stress markedly better than control
worms. Results are means � SE (SE is standard error of the means).
Asterisk denotes significant difference between control and AC
worms (two-way ANOVA P � 0.0001); daggers denote significant
difference between matched pairs. †P � 0.003/0.001. ††P � 0.05.
Each time point is the average of at least 18 independent experi-
ments. For further details, see MATERIALS AND METHODS.

Table 1. Percent survival of the studied mutants during heat stress at 35°C or 37°C before and after
acclimation to heat

Genotype Heat Stress

Survival at heat stress, %

P AC/C
No. of

AnimalsC AC

Wild type 35°C 41.3�9.0 95.0�6.6 �0.001 2.3 3,400; 3,400
Wild type 37°C 0 23�23 351; 467
daf-2(e1370) 35°C 100 100 1 850; 550
daf-2(e1370) 37°C 5�3.3 100 �0.001 20 850; 850
daf-16(mgDf50) (LF) 35°C 28.0�13.8 80.0�13.3 �0.001 2.8 1,000; 1,100
daf-16(m26) 35°C 51.5�14.6 73.0�0.005 �0.01 1.4 505; 558
hif(ia4) (LF) 35°C 58.3�11.0 42.0�4.5 0.7 550; 550
vhl-1(ok161) (LF) 35°C 37.0.5�12.3.3 87.2�11.2 �0.001 2.3 1,210; 960
egl-9(n571) 35°C 57.5�16.9 97.3�5.0 �0.004 1.7 960; 1,200

Data were taken at time interval 6–6.5 h. C, non-acclimated; AC, heat acclimated; LF, loss of function; the number of animals denotes the
number of worms used to construct the survival curves. Acclimation conditions were 25°C.
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way on stress resistance, and mutations in this gene
suppress the enhanced longevity and hypoxic tolerance
seen in daf-2 mutants (26, 28). We examined daf-
16(m26) and daf-16(mgDf50) mutations, which result
in partial or complete loss of DAF-16 function, respec-
tively (26). Both strains showed a marked acclimatory
response to heat stress at 35°C (Fig. 2, right; Table 1).
This suggests that DAF-16 is not required for heat
acclimation.

Induction of HIF-1 expression is required for normal
heat acclimation. To test the hypothesis that induction
of HIF-1� is critical to heat acclimation, we assayed
mutations in hif-1, the C. elegans ortholog of HIF-1�,
and in its regulatory proteins. The HIF-1-associated
mutations studied in this investigation included HIF-1
loss-of-function mutation hif-1(ia4) (18) and two muta-
tions leading to HIF-1 overexpression: egl-9(n571) and
vhl-1(ok161) (8). In an evolutionarily conserved path-
way, HIF-1 is hydroxylated by the EGL-9 enzyme in an
oxygen-dependent manner. This modification in-
creases the affinity of HIF-1 for VHL-1, which targets
HIF-1 for proteosomal degradation (8). Hence, loss of
VHL function, as demonstrated by the vhl-1(ok161)
mutant, and defective function of the prolyl hydroxy-
lase, as shown in the egl-9(n571) mutant, bring about
the constitutive overexpression of HIF-1 under nor-
moxic conditions. As evident from Fig. 3A, the HIF-1
loss-of-function mutation eliminated the ability of C.
elegans to acclimate to heat. Furthermore, heat endur-
ance during exposure to heat stress was somewhat
shorter than in the non-acclimated mutant (Fig. 3A). In
contrast, both non-acclimated egl-9(n571) and vhl-
1(ok161) mutants, which overexpress HIF-1, showed
rightward shifts in their survival curves compared
with the wild type. This was particularly pronounced
in the egl-9 mutants in which there was an initial

plateau during which survival was close to 100%, fol-
lowed by an abrupt fall in survival ratio. Although
egl-9(n571) and vhl-1(ok161) mutants displayed a sig-
nificant positive acclimatory response (Table 1), the
pattern of their survival curves differed from that
observed for the daf-16 mutants subjected to 35°C (Fig.
3 vs. Fig. 2). The intrinsic thermotolerance of egl-
9(n571) was as high as that exhibited by the daf-
2(e1370) mutants. The egl-9(n571) mutants, unlike vhl-
1(ok161), are egg-laying defective. Therefore, EGL-9 is
likely to have functions that are independent of HIF-1.
Loss of these additional functions may contribute to
the extremely high thermotolerance seen in the egl-9
mutants. It is noteworthy that egl-9(n571) shows tol-
erance to cyanide poisoning as well (11). Collectively,
the obtained data indicated to us that HIF-1, in addi-
tion to its well-known function during hypoxia, plays
an important role in the induction of thermal tolerance
and the heat acclimatory response.

To confirm the induction of HIF-1 upon heat accli-
mation, the level of HIF-1 was measured using West-
ern blot analysis using GFP:HIF-1 transgenics. The
data (Fig. 4) show upregulation of HIF-1 following 18 h
of heat acclimation at 25°C. Experiments in which
CeHIF antibody was used (data not shown) yielded
similar results.

In all species studied, including C. elegans, increased
level of protein members of the HSP70 superfamily is
associated with enhanced cytoprotection (13). We have
previously shown that heat acclimation in mammalian
species increases HSP72 cellular reserves (24). We
therefore measured the HSP72 level in the hif-1(ia4)
mutant, vs. the wild-type worms. Data are presented in
Fig. 4. Collectively, the data clearly show that acclima-
tion in both wild type and hif-1(ia4) mutants leads to
an increase in HSP72 levels. Hence HIF-1 is not re-

Fig. 2. Heat acclimation in mutants affect-
ing the DAF-2 insulin receptor pathway.
Left: survival curves of daf-2(e1370) sub-
jected to heat stress at 37°C before and after
heat acclimation (top) compared with the
wild-type worms under similar conditions
(bottom). The daf-2(e1370) mutants have
high intrinsic thermotolerance, and in this
investigation the effect of heat acclimation
was only seen upon exposure to heat stress
at 37°C. Right: survival curves of daf-
16(m26) (top) and daf-16(mDf50) (bottom)
subjected to heat stress at 35°C before and
after heat acclimation. DAF-16 is a forkhead
transcription factor that transduces DAF-2
effects; thus the results suggest that DAF-16
is not required for heat acclimation. Aster-
isks denote significant difference between
control (C) and AC worms [two-way ANOVA
daf-2(e1370), N2, daf-16(mDf50) P � 0.001,
daf-16(m26) P � 0.002]; daggers denote sig-
nificant difference between matched pairs.
†P � 0.001, 0.004. For acclimation condi-
tions, see Fig. 1 and text.
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quired for the effects of acclimation on HSP70 expres-
sion.

Heat acclimation and cross-tolerance. In mammalian
species, heat-acclimated animals display greater resis-
tance to additional forms of environmental stressors
(10, 16). This promoted us to extend this study and to
test whether C. elegans demonstrates similar features.

A variety of heat treatments have been implicated to
confer enhanced heavy metal stress tolerance (19). We
therefore subjected C. elegans N2 nematodes to in-
creasing concentrations of cadmium chloride. As

shown in Fig. 5, greater percentages of heat-acclimated
C. elegans survived increasing cadmium concentra-
tions than the non-acclimated worms. This was partic-
ularly emphasized in the highest Cd concentration
employed when the acclimated/control survival ratio
(AC/C) was 3.8. A similar response was obtained for
cross-tolerance with chemical hypoxia (% survival:
95 � 5 vs. 41 � 25 for AC and control nematodes,
respectively). The hif-1(ia4) mutant, which lacks the
ability to acclimate to heat, did not demonstrate cross-
tolerance against heavy metals. Subjection to 8 mg%
Cd demonstrated this lack of cross-tolerance, most
significantly when AChif /Chif survival ratio was 1:2.

DISCUSSION

Many animals are adapted to their particular envi-
ronmental temperature by genetic selection. In addi-
tion, most animals show compensatory responses when
subjected to persistent changes in their thermal envi-
ronment, to allow better coping with the new temper-
ature. This is the acclimatory response defined in the
introduction of this paper (15, 16). A comparison of our
data on biochemical modalities of heat acclimation in
mammals to those known for a wide spectrum of spe-
cies from other taxa has led us to suggest that at the
cellular or biochemical and molecular levels there is
similarity in acclimatory responses among species re-
gardless of their taxonomic assignment. The key sig-
naling regulator(s) that mobilizes the acclimatory ma-

Fig. 3. HIF-1 loss of function eliminates the ability of C. elegans to
acclimate to heat. Survival curves of the heat acclimated and non-
acclimated mutants hif-1(ia4) (A), vhl-1(ok161) (B), and egl-9(n571)
(C) subjected to heat stress at 35°C. The hif-1(ia4), the HIF-1 loss-
of-function mutant, was unable to acclimate to heat, whereas vhl-
1(ok161) and (C) egl-9(n571), both overexpressing HIF-1, show a
rightward shift vs. N2 (see Fig. 1) in their survival curves. Data are
means � SE. Each time point is the average of 3–4 independent
experiments. Asterisks denote significant difference between control
and AC worms (two-way ANOVA P � 0.01); daggers denote signifi-
cant difference between matched pairs. †P � 0.001. For acclimation
conditions see Fig. 1 and text.

Fig. 4. Western blot analysis, representative blots of HIF-1 and
HSP72 protein levels detected by Western immunoblotting. Three
different independent experiments were conducted. A: HIF-1 and
HSP72 in transgenic worms containing all the hif-1 coding sequence
fused in-frame to green fluorescent protein (GFP) (pHJ06Ex6). Three
experimental groups were tested: non-acclimated (C), heat accli-
mated (AC), and those subjected to hypoxia (HYP) using an anaer-
obic jar (AnaeroGen). The last group was taken as an additional
control to validate heat activation. B: HSP72 in hif-1(ia4) mutants
before and after heat acclimation.
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chinery is not adequately understood. Hence, our find-
ings that C. elegans undergoes heat acclimation
challenged us to use this well-known genetic model to
identify pathways underlying this ecologically impor-
tant trait, by testing mutants of potential interest for
their acclimatory capacity. We showed in this investi-
gation that loss of HIF-1 function eliminates the ability
to acclimate to heat. This novel finding extends our
knowledge of HIF-1, known as a master regulator of
oxygen sensitivity (30, 31), and attributes to this tran-
scription factor additional adaptive roles, as discussed
below.

The criterion for successful acclimation was en-
hanced thermal tolerance of the nematodes when sub-
jected to heat stress. Our data showed that 18 h at
25°C, the upper limit of the temperature at which C.
elegans is viable and fertile (36), was sufficient to
enhance thermal endurance (at 35°C) of the wild-type
C. elegans by almost 100% (when calculated as the
time at which survival is 40–50%). This protocol to
enhance thermal tolerance by approximately twofold
without pre-exposing the worms to thermal stress dif-
fers from that used by Lithgow et al. (20), who sub-
jected the worms to heat stress at 30°C for at least 3 h.

We could hypothesize that Lithgow’s protocol yielded a
preconditioning effect, rather than heat acclimation,
which does not affect fecundity. Currently we do not
know whether there are significant differences in the
outcome, in terms of heat endurance/thermal injury,
between the two protocols. The data obtained in this
investigation provided us with the baseline for compar-
ison of the ability to acclimate to heat among the
various mutants used.

Mutations that reduce the activity of the insulin
receptor homolog, DAF-2, an effect mediated by DAF-
16, lead to enhanced stress tolerance, heat resistance,
hypoxic-death tolerance, and longevity (30, 26, 28).
Our data indicated that daf-2(e1370) mutants, in ad-
dition to their inherited profound enhanced heat toler-
ance, can also benefit from heat acclimation. The daf-
16(mDf50) [and to some extent daf-16(m26)] mutants
do not exhibit a priori enhanced thermotolerance and
also maintain their ability to acclimate to heat. Taken
together, these data indicate that the insulin receptor
pathway is not required for heat acclimation, and the
ability to acclimate depends on another pathway.

It is interesting to note that daf-2 mutants showed
both a priori greater intrinsic thermotolerance than
that of the wild-type nematodes, as well as more pro-
found enhanced heat tolerance after acclimation than
the wild type. This is manifested by a higher AC/C
survival ratio (at 37°C, see Table 1). The inherent
difference in heat tolerance among the various mu-
tants used is beyond the scope of this study and is
discussed somewhat, e.g., in Walker et al. (35), who
suggested that C. elegans mutants conferring thermo-
tolerance and longevity show altered coordinated reg-
ulation of stress response genes such as reactive oxy-
gen species, antioxidants, and upregulation of molecu-
lar chaperons, to protect/alter proteins conformation.

The only genetic background that showed inability to
acclimate to heat was the hif-1-defective strain. In
contrast, egl-9(n571) and vhl-1(ok161) worms, which
constitutively overexpress HIF-1, did undergo heat ac-
climation. Their survival curves, when subjected to
heat stress before acclimation, show an initial attenu-
ated decline and then a rather abrupt fall (Fig. 4). This,
together with inability of hif-1(ia4) to acclimate to
heat, may provide a first clue that HIF-1 is an essential
component in the pathway to heat acclimation, possi-
bly via elevated levels of HIF-1, rendering short-term
thermotolerance at the onset of acclimation. This con-
clusion is reinforced by our results showing elevation of
HIF-1 in N2 worms after acclimation. We previously
provided evidence that HIF-1� is constitutively up-
regulated in two heat-acclimated mammalian species:
the rat and the mouse (Ref. 25; and Z. Bromberg, G.
Semenza, and M. Horowitz, unpublished observa-
tions). This similar phenomenon, in two taxonomically
distant groups, mammals and nematodes, supports our
conclusion that HIF-1 is an evolutionarily conserved
mediator in the pathway to heat acclimation.

In mammalian species HIF-1� controls the majority
of the hypoxia-responsive genes, including glycolytic
enzymes, glucose transporters, etc. (19). Heat acclima-

Fig. 5. The induction of cross-tolerance by heat acclimation. A: %
survival of non-acclimated and heat acclimated wild-type C. elegans
upon subjection to 4 different concentrations of CdCl2 for 5 h. Sur-
vival of the heat-acclimated worms was enhanced (two-way ANOVA
P � 0.04). Dagger denotes significant different from the matched
control (P � 0.05). (Number of animals for each bar � 250–260; 3–4
independent experiments were conducted) B: % survival of hif-1(ia4)
HIF-1 loss-of-function mutants to CdCl2 before and after heat accli-
mation. The hif-1(ia4) mutants, which lack the ability to acclimate to
heat, do not demonstrate cross-tolerance against CdCl2. Survival of
the heat-acclimated worms was significantly reduced compared with
the non-acclimated worms (two-way ANOVA P � 0.03). Dagger
denotes significant different from the matched control (P � 0.05); n
for each bar � 190–200.
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tion also involves changes in energy metabolism, plas-
ticity of several of the glycolytic enzymes, upregulation
of glucose transporters, glyconeogenesis, etc. (Ref. 27;
and M. Horowitz and E. Levi, unpublished observa-
tions). Given the targets of HIF-1 regulation, its up-
regulation could account for the changes in metabolism
seen following heat acclimation. Such metabolic adap-
tations may increase metabolic efficiency leading to
increased stress tolerance.

The non-acclimated egl-9(n571) and vhl-1(ok161)
mutants resemble the N2 heat-acclimated phenotype
only at the initial period of heat stress. This may imply
that the metabolic pathway to heat acclimation medi-
ated by HIF-1 is essential for short-term endurance
during heat stress but that (long-term) heat acclima-
tion involves additional acclimatory pathways, delayed
in their full expression after stress. The heat shock
proteins, e.g., HSP72, might be the likely candidates.
These proteins are known for their contribution to the
second window of protection following, for example,
thermal or ischemic preconditioning (37).

A large body of studies associates heat tolerance with
the heat shock proteins, particularly from the HSP70
superfamily. Invertebrates, as well as ectotherm and
homeotherm vertebrates living in hot environments,
have higher HSP70 levels compared with the same
species living in temperate environments (34). Heat
acclimation increases cellular reserves of HSP72
[which is the inducible member of the HSP70 super-
family (24) and HSP90 (7)]. Hence, to find out whether
the inability to acclimate to heat, as found in the
hif-1(ia4) mutant, is associated with impairment of the
upregulation of HSP70, we measured HSP72 levels in
wild-type and hif-1(ia4) worms. Interestingly, both N2
worms, which undergo heat acclimation, and hif-1(ia4)
mutants, which do not, showed HSP72 upregulation
upon heat acclimation, suggesting that induction of
HSP72 reserves is not sufficient for heat acclimation.
Taken together, the data from the present study pro-
vide direct experimental evidence that in the absence
of HIF-1, greater HSP72 expression is not sufficient to
induce heat acclimation. Others have shown that ther-
motolerance can be generated in the absence of HSP
accumulation (reviewed in Ref. 22), which is in agree-
ment with our results.

An important inseparable consequence of heat accli-
mation is long-term cross-tolerance to several other
environmental stressors with one common denomina-
tor: either oxygen deprivation and/or the consequences
of reoxygenation/reperfusion. Other investigators have
shown causal relationships between thermotolerance
and protection against heavy metals, and the hormetic
response displayed by heat-stressed C. elegans to reac-
tive oxygen species or oxygen deprivation is well estab-
lished (6). Bearing in mind that HIF-1 is essential for
heat acclimation, we tested whether this pathway con-
tributes to the cross-tolerance phenomenon as well.
Our findings from this investigation confirmed that
heat acclimation induces cross-tolerance to heavy met-
als (cadmium) and chemical hypoxia in the wild-type
C. elegans. The novelty of our findings is that HIF-1 is

required for the observed cross-tolerance. Thus we
implicate HIF-1 in tolerance to both heat and cadmium
in addition to its known previous specific role in hy-
poxic stress. Interestingly, Chun et al. (5) have dem-
onstrated that cadmium increases HIF-1� degradation
in Hep 3B cells. Whether the drop in HIF-1 expression
plays an important role in cadmium toxicity, however,
is not clear. Nevertheless, our findings of the absence of
cross-tolerance to cadmium in the hif(ia4) mutants
urge future studies in this respect. Scott et al. (28)
assayed hypoxia tolerance at 28°C, and they demon-
strated increased hypoxia tolerance in daf-2(e1370)
mutants pre-incubated at 20°C compared with those
held at 15°C. These findings are in agreement with our
findings of cross talk between heat acclimation and
hypoxic tolerance in both mammals and C. elegans.

To summarize, the hypoxia inducible factor, HIF-1�,
initially identified in mammalian tissues, is known as
a master regulator of oxygen homeostasis. It plays a
central role in both cellular and systemic responses to
hypoxia. In addition to mammalian cells, its activation
in response to hypoxia was recently identified in some
teleost (33) and avian species (12) and in the nematode
C. elegans (its homolog HIF-1) (18). Its central role
during development and neoplastic diseases has also
been proved (32). In this investigation we demonstrate,
for the first time, a new function of HIF-1: a key
regulator in the pathway for heat acclimation. Future
analysis may elucidate the molecular mechanisms that
govern the pathway to both heat acclimation and heat
acclimation induced cross-tolerance to other stressors.
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