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Fig. 4. Paraquat sensitivities of wild type, daf-16, p38-related mutants (nsy-I and sek-1) and INK-related mutants (jnk-7 and mek-1). L1 larvae were cultured on
seeded nematode growth (NGM) agar plates containing various concentration of paraquat. Four days later, survival was determined by counting the number of
L4 larvae and adults. (A) Wild-type animals: (O); daf-16: (@); nsy-I1: (A\); sek-1: (A); sek-1 and daf-16: (©). (B)Wild-type animals: (O); daf-16: (@); jnk-1:
(A) and mek-1: (4). Each value is the mean % S.D. of three different experiments.

addition, the JNK-related jnk-I and mek-I mutants were
slightly hypersensitive to paraquat {(Fig. 4B).

4. Discussion

We have explored the possibility that pathways in addition
to the daf-2-akt/sgk pathway mediate the response of DAF-16
to oxidative stress. The DAF-16 is translocated to the nucleus
when animals are subjected to oxidative stress in the form of
paraquat (Fig. 3). We questioned whether ROS directly
activate the DAF-2 signal pathway. Therefore, we examined
signaling pathways that are known to respond to ROS in other
organisms to see if they play a role in activation of DAF-16 in
C. elegans. Under low levels of oxidative stress, largely
cytoplasmic localization of DAF-16 was seen in wild type and
in three mutants [jrk-I (JNK-related MAPK), mek-1 (JNK-
related MAPKK) and sek-1 (p38-related MAPKK)], each of
which is defective in one predicted signaling pathway (Fig. 3).
Conversely, DAF-16 was also found in the nuclei of wild-type
animals as well as jnk-1 and mek-1 mutants when they were
subjected to oxidative stress in the form of paraquat (Fig. 3).
Thus, oxidative stress has no effect on the localization of DAF-
16 via the INK-related MAPK and MAPKK. In the sek-I
mutant, however, DAF-16 remained cytoplasmic even in the
face of oxidative stress (Fig. 3). The fact that DAF-16
translocation is blocked by sek-1 suggests that the p38 signal
transduction pathway acts upstream to activate DAF-16 in
response to ROS. Alternatively, sek-/ could, like akt-1 and
sgk-1, phosphoinactivate DAF-16, and ROS could prevent
this. The fact that mutation of sek-I alone does not cause
nuclear localization of DAF-16 could reflect the action of
other, additional effectors of ROS. Heat or starvation did not

prevent nuclear localization in sek-I, indicating that the
upstream pathway for oxidative stress may be different than
the pathway for other stresses such as heat or starvation (data
not shown).

Both the p38-related nsy-I (MAPKKK) and sek-/
(MAPKK) mutants are hypersensitive to oxidative stress
as presented by paraquat (Fig. 4A). Conversely, daf-16 was
only slightly hypersensitive, suggesting that the p38
pathway regulates resistance to ROS by downstream
elements in addition to daf-16. This is consistent with fact
that the daf-16; sek-1 showed the same degree of
hypersensitivity as the sek-I single mutant. It also indicates
that, at least in terms of regulating resistance to oxidative
stress, the p38 pathway plays a major and perhaps exclusive
role in regulating daf-16 activation. In addition, the JNK-
related jnk-1 and mek- I mutants were slightly hypersensitive
to paraquat (Fig. 4B). This suggests that the JNK signal
transduction pathway may play a role, albeit minor, in
regulating resistance to oxidative stress. It is known that an
apoptosis signal-regulating kinase (ASK)-1 acts upstream of
JNK and p38 MAPK in mammals and corresponds to NSY-1
(MAPKKK) in C. elegans. NSY-1 is regulated by the redox
response of thioredoxin binding with ASK-1 (Saitoh et al.,
1998; Tobiume et al., 2001). As the nsy-I mutant is
hypersensitive to paraquat (Fig. 4A), thioredoxin may also
regulate the p38-signaling pathway in C. elegans. Kim et al.
(2002) showed that signaling of p38 MAP kinase pathway
including nsy-1 and sek-1 is require for pathogen resistance
or cellular immune response to bacteria. It suggests that
signals by oxidative stress may trigger immune responses
through this pathway. Alternatively, this pathway may be
required for defense to oxidative stress caused during the
process of the immune response.
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Much attention has focused on the insulin-like signaling
pathway in C. elegans because of its pivotal role in life-span
determination and oxidative stress resistance. While the
genetics of the pathway itself have been well elucidated,
comparatively little is known about additional upstream
inputs into the pathway, or the possibility of additional DAF-
16 regulated output. The experiments reported in this letter
implicate p38 action involves DAF-2 or that it acts
independently of this pathway. This observation should
better enable future research to determine the exact
mechanisms by which ROS activate signal transduction
pathways to effect transcriptional regulation. It has been
reported in mammals that insulin mRNA levels were
reduced by oxidative stress, suggesting that insulin signaling
pathway regulates oxidative stress (Kaneto et al., 2002). In
C. elegans, insulin levels under oxidative stress may be
regulated by p38 signaling pathway via SEK-1 (Tanaka-
Hino et al., 2002). This occurs primarily in chemosensory
neurons. Food might provide the trigger for this secretion
(Pierce et al., 2001). In the case of C. elegans, the study may
be difficult to reproduce because there are at least 38
candidate genes (ins-I-ins-38) that encode insulin-like
peptides in terms of its predicted structure. INS-1 most
closely resembles human insulin in terms of its predicted
interaction with DAF-2 insulin-like receptor (Kenyon, 1996,
worm base: http://www.wormbase.org/), its physiological
function is still unclear. In addition, a complete under-
standing of these signaling pathways requires consideration
of not only reductions in the insulin-like peptides by
oxidative stress but also dephosphorylation of PI3 kinase or
AKT and inhibition of 14-3-3-dependent or -independent
pathways (Lin et al., 1997; Murphy et al., 2003).

The current state of our understanding is suammarized in
Fig. 5.
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Fig. 5. Schematic diagram of cellular responses to ROS. Key components
of the insulin-like signaling pathway are shown, as elucidated by others. In
addition, a likely location for the oxidative-stress mediated input of p38 is
also indicated.
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