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Apoptosis is one of the main cellular processes in responses to arsenic, the well known environmental
carcinogen. By using the nematode Caenorhabditis elegans as an in vivo model, we found that insulin-like
growth factor-1 networks and their target protein DAF-16/FOXO, known as key regulators of energy
metabolism and growth, played important roles in arsenite-induced apoptosis. Inactivation of DAF-2,
AGE-1 and AKT-1 caused worms more susceptible to arsenite-induced apoptosis, which could be atten-
uated by DAF-16 knockout. Worms with inactivated AKT-2 and SGK-1 or with constitutively activated
PDK-1 and AKT-1 showed low levels of apoptosis, which could be elevated by DAF-16 mutation. Our
results demonstrated that DAF-2/IGF-1R, AGE-1/PI3K, PDK-1/PDK1 and AKT-1/PKB negatively regulated
the arsenite-induced apoptosis, whereas AKT-2 and SGK-1 acted proapoptotically. DAF-16/FOXO antag-
onized IGF-1 signals in signaling the arsenite-induced apoptosis, and apoptosis promoted by DAF-16
inactivation was attributed to its higher sensitivity to oxidative stress.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction arsenic-rich drinking water (Smith et al., 2000). Chronic exposure
Inorganic arsenic is a well known environmental carcinogen
that is up taken by tens of millions of people, mainly from
to arsenic has been associated with high risks of several cancers,
such as cancers of lung, skin, kidney, and liver (Hughes et al.,
2011). Depending on cell types, arsenic exposure causes pleiotro-
pic effects. As a tumor promoter, arsenic exposure promotes prolif-
eration and transformation (Ouyang et al., 2008). It can also act as a
potent apoptosis inducer that causes apoptosis in many cell lines
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(Ivanov and Hei, 2004; Kumagai and Sumi, 2007). In fact, apoptosis
has been considered as one of the main cellular events in response
to arsenic exposure (Kumagai and Sumi, 2007). The generation of
reactive oxygen species, the induction of genotoxic damages and
the disruption of the balance between signal transduction path-
ways essential for death/survival control are the typically accepted
mechanisms for the arsenic-induced apoptosis (Rossman, 2003;
Kitchin and Conolly, 2010).

Insulin-like growth factor-1 (IGF-1) signaling networks are well
known regulators of energy metabolism and growth. Recent stud-
ies have shown that they have promotive roles in tumor progres-
sion, mainly through regulation of proliferation, differentiation
and apoptosis (Pollak et al., 2004). Increasing evidence suggest that
several members of IGF-1 signaling networks are involved in cyto-
toxic effects of arsenicals (Liu et al., 2006; Hong and Bain, 2012).
The IGF-1 signaling is composed of IGF-1 receptor (IGF-1R), phos-
phoinositide 3-kinase (PI3K), phosphoinositide-dependent kinase-
1 (PDK1), AKT/PKB and serum- and glucocorticoid-inducible kinase
(SGK) (Párrizas et al., 1997; Pollak et al., 2004). IGF-1R is a mem-
brane-associated tyrosine kinase receptor that transduces diverse
extracellular stimuli to PI3K. The activation of PI3K produces a lipid
second messenger that is essential for activation of PDK1 and sub-
sequently AKT, which ultimately regulate the activities of Forkhead
box class O (FOXO) transcriptional factors (Pollak et al., 2004).
FOXO has been found to play pivotal roles in proliferation, apopto-
sis and stress response (Accili and Arden, 2004; Pinkston-Gosse
and Kenyon, 2007). Treatment of human hepatocellular carcinoma
cells with As2O3 increased the expression of FOXO3a and subse-
quently nuclear localization, thereby promoted cell cycle arrest
and apoptosis (Fei et al., 2009). Since IGF-1 signaling networks
and the target protein FOXO have been shown at the center net-
works of survival and death control, exploration of their roles on
arsenite-induced apoptosis is essential for better understanding
the cytotoxic/carcinogenetic effects of arsenicals.

The nematode Caenorhabditis elegans has been widely used as
an emerging model in monitoring environmental toxicants, espe-
cially for dissecting key pathways essential for stress response
(Leung et al., 2008). Lethality assay showed that C. elegans was
insensitive to arsenite (Williams and Dusenbery, 1990), however,
germline of this animal is subjected to arsenite-induced apoptosis
mediated by several conserved signal pathways (Wang et al., 2007;
Pei et al., 2008). In C. elegans, the evolutionarily conserved IGF-1
signaling is composed of DAF-2/IGF-1R, AGE-1/PI3K and the subse-
quent PDK-1, AKT-1/2 and SGK-1 (Paradis and Ruvkun, 1998). DAF-
16 is the sole homologue of FOXO found in the nematode. Activa-
tion of DAF-2 will ultimately repress the activities of DAF-16/
FOXO, which regulates several hundreds of genes relating to aging,
stress response and germline development (Mukhopadhyay et al.,
2006). Recent studies in C. elegans have demonstrated that several
members of IGF-1 signaling cascades played important roles in
apoptosis regulation upon exposing to DNA damage agents
(Pinkston-Gosse and Kenyon, 2007; Quevedo et al., 2007). By using
C. elegans as an in vivo model, the main objective of this study was
to investigate the roles of IGF-1 signaling pathways and FOXO in
arsenite-induced apoptosis.
2. Materials and methods

2.1. Worm strains and chemicals

Strains used in the present study were Bristol N2 wild type,
daf-16(mu86) I, daf-16(m26) I, daf-16(mgDf50) I, daf-16(mu86) I;
daf-2(e1370) III, daf-16(mgDf47) I; daf-2(e1370) III, zIs356 IV,
daf-16(mgDf47) I; xrIs87, daf-16(mg242) I; age-1(mg109) II,
age-1(hx546) II, sqt-1(sc13) age-1(mg109)/mnC1 dpy-10(e128)
unc-52 II, age-1(mg109) II; akt-1(mg247) V, age-1(mg109) II;
pdk-1(mg261) X, sqt-1(sc13) II, daf-2(e1370) III, akt-1(mg144) V,
akt-1(ok525) V, akt-2(ok393) X, pdk-1(mg142) X, pdk-1(sa680) X,
sgk-1(ok538) X, sgk-1(ft15) X. RNAi feeding strains were purchased
from the Source BioScience (Nottingham, UK). L4440 and L453
control vectors were obtained from Addgene (Cambridge, USA).
Arsenite (NaAsO2) and Isopropyl-b-D-thiogalactoside (IPTG) were
commercial products of Sigma Chemical Inc. (St Louis, USA). Acri-
dine orange (AO) and 5-(and-6)-chloromethyl-20,70-dichlorodihy-
drofluorescein diacetate (CM-H2DCFDA) were purchased from
Molecular Probes (Eugene, USA).
2.2. Worm maintenance and treatment

Worms were cultured at 20 �C in Petri dishes on nematode
growth medium (NGM) with a layer of Escherichia coli OP50 lawn
to serves as food sources. To obtain synchronized worms, gravid
hermaphrodites were lysed in alkaline hypochlorite solution. Eggs
were collected after lysing and washed three times with M9 buffer.
The collected eggs were hatched at 20 �C for 24 h before inoculated
onto NGM. The new hatchers arrested at L1 stage without food
supply.

Worms were treated using the standard procedures described
by Williams and Dusenbery (1990). Briefly, arsenite was diluted
to 0.0, 5.0, 10.0, 25.0 lM in K-medium containing E. coli OP50 as
a food source. For arsenite exposure, 20 synchronized young adult
hermaphrodites (20 h post L4 larval) were exposed to graded doses
of arsenite in a Costar 12-well tissue plates and cultured at 20 �C
for 24 h. For the strain age-1(mg109), worms with left handed
roller phenotype were age-1 null homozygotes and were picked
out for arsenite exposure.
2.3. Apoptosis assay

Apoptotic germ cells were scored with a modified AO vital
staining as described previously (Shaham, 2006). Briefly, worms
were picked from the test wells after 24-h exposure, and trans-
ferred into a Costar 24-well plate containing aliquots of
1000 ll M9 buffer supplemented with 25 lg mL�1 of AO for each
well. To facilitate uptake of the dye, OP50 was added to the buffer
prior to staining. Worms were then incubated at 20 �C for 60 min.
Animals were allowed to recover for 60 min on bacterial lawns to
repel excessive dye in the intestine. Worms were then picked
and mounted onto agar pads on microscope slides in 60 lg mL�1

levamisole in M9, after which they were examined with an Olym-
pus IX71 inverted microscope (Tokyo, Japan). Pictures were taken
using a Zeiss Imager A2 (Jena, Germany) microscope equipped with
an AxioCam MRm camera. Only the gonad arm in the posterior part
of the body was scored, because the gonad arm near the pharynx
was always shaded by intestine.
2.4. ROS determination

ROS were determined as described previously (Gruber et al.,
2011). Briefly, 10 age-synchronized worms were transferred to
each well of a Costar black 96-well plate containing graded doses
of arsenite in 180 ll K-medium. CM-H2DCFDA was then added to
each well at a final concentration of 75 lM. Relative fluorescence
intensity was read kinetically under a SpectraMax M2e microplate
reader (Sunnyvale, USA) every 10 min for 6 h at 20 �C, using 485
and 535 nm as excitation and emission wavelengths, respectively.
ROS was expressed as the average relative fluorescent unit per 10
worms.
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2.5. DAF-16 nuclear translocation assay

DAF-16 nuclear translocation was scored by exposing young
adult GR1352 worms expressing DAF-16::GFP to graded doses of
arsenite, DAF-16::GFP was scored as cytoplasmic or nuclear local-
ization in the anterior part of the body. DAF-16 nuclear transloca-
tion were expressed as the percent of worms with DAF-16::GFP
nuclear localization. Images were taken with a Zeiss Imager A2
microscope.

2.6. RNAi

RNAi was carried out following the standard procedures
(Kamath et al., 2001). Briefly, E. coli HT115 (DE3) feeding strains
with target genes were picked from streaked plates, they were sub-
sequently inoculated in a 2-ml LB medium supplemented with
100 lg mL�1 ampicillin and 12.5 lg mL�1 tetracycline. The inocula
were cultured overnight at 37 �C. A 20 ll of bacteria was then inoc-
ulated into a 2-ml fresh LB containing 100 lg mL�1 ampicillin and
shook 3 h at 37 �C. To induce double-stranded RNA in the feeding
bacteria, aliquots of 150 ll cultures were seeded on NGM agar
feeding plates containing 100 lg mL�1 ampicillin and 1 mM IPTG,
let dry and induce overnight at room temperature. For strain feed-
ing, about 50 synchronized L1 worms were transferred to the feed-
ing plates and allowed to develop to the young adult stage before
transferred to test solution. An L4440 vector was used as negative
control in RNAi experiments, while an unc-22 RNAi clone was
included in the experiments as a positive control (Estes et al.,
2010).

2.7. Data analysis

All values were expressed as means ± standard error, statistical
differences (p < 0.05) between different concentrations and strains
Fig. 1. Arsenite-induced apoptosis in daf-2 and age-1 loss-of-function (lf) strains. Repre
arsenite for 24 h. Germline apoptosis were assayed by acridine orange staining (AO), germ
(C) daf-2 (lf) caused enhanced germline apoptosis. (D) Germline apoptosis in strains carry
For comparison convenience, apoptotic cells for N2 wild type in all figures herein are p
were tested using 2-factor analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test. Student’s t-test was per-
formed to compare differences between different strains after
RNAi.

3. Results

3.1. Anti-apoptotic effects of DAF-2 and AGE-1

The C. elegans daf-2 encodes an insulin-like growth factor-1
receptor (IGF-1R) that is known to regulate multiple functions
(Kimura et al., 1997). To test whether daf-2 was involved in arse-
nite-induced germline apoptosis, worms carrying mutated daf-
2(e1370) loss-of-function (lf) allele were exposed to graded doses
of arsenite. Germ cell corpses were scored by AO vital staining after
24 h of exposure, apoptotic cells showed brilliant green compared
to uniformly green of the intact cells in patchytene region (Fig. 1A
and B). Compared to N2, worms carrying daf-2(lf) allele produced
more germ cell corpses (Fig. 1C). The mammalian PI3K homolog
age-1 of C. elegans lies downstream of daf-2. Upon arsenite expo-
sure, germline apoptosis in age-1(hx546) showed no difference
compared to N2, while age-1(mg109) produced more germ cell
corpses than N2 at all doses (Fig. 1D).

3.2. Roles of PDK-1, AKT-1/PKB and SGK-1

The C. elegans pdk-1 lies downstream of age-1 and encodes a
protein homologous to mammalian 3-phosphoinositide-depen-
dent kinase-1 (PDK1) (Paradis and Ruvkun, 1998). To assess
whether pdk-1 mutation affected germline apoptosis under arse-
nite exposure, germ cell corpses in pdk-1(lf) and pdk-1(mg142)
gain-of-function (gf) strains at different doses of arsenite were
scored. Germ cell corpses in pdk-1(lf) strain showed no difference
compared to that of N2 at all concentrations. However, apoptotic
sentative pictures of germline apoptosis of untreated control (A) and 10 lM (B) of
cell corpses were indicated by white arrowheads. The scale bar represents 20 lm.

ing age-1(lf) alleles. *p < 0.05 represents statistical difference compared to that of N2.
resented same as those shown in Fig. 1.



Fig. 2. Roles of pdk-1, akt-1, akt-2 and sgk-1 in arsenite-induced apoptosis. (A) Arsenite-induced apoptosis pdk-1 mutations. (B) Germline apoptosis in strains with akt-1 and
akt-2 alleles. (C) Germline apoptosis enhanced by age-1(mg109) mutation were suppressed by akt-1(gf) and pdk-1(gf) mutations. (D) Roles of sgk-1 in arsenite-induced
apoptosis. pdk(sa680) = pdk-1(lf), pdk-1(mg142) = pdk-1(gf), pdk-1(mg261) = pdk-1(gf), akt-1(ok525) = akt-1(lf), akt-1(mg144) = akt(gf), akt-1(mg247) = akt-1(gf), sgk-
1(ok538) = sgk-1(lf), sgk-1(ft15) = sgk-1(gf), all of the others were represented as loss-of-function mutations unless otherwise specified.
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cells decreased significantly in the strain carrying pdk-1(gf) muta-
tion at the doses of 10.0 and 25.0 lM (Fig. 2A). The C. elegans akt-1
and akt-2 lie down stream of pdk-1 (Hertweck et al., 2004). Germ
cell corpses per gonad arm in akt-1(ok525) lf strain increased
dose-dependently compared to N2, while they reduced signifi-
cantly in akt-1(mg144) gf strain at the doses of 10.0 and 25.0 lM
(Fig. 2B). For akt-2(ok393) lf strain, germ cell corpses per gonad
arm were lower than those of N2 at the doses of 10.0 and
25.0 lM (Fig. 2B). The reduction in germline apoptosis was also
observed in strains of age-1(lf); pdk-1(gf) or age-1(lf); akt-1(gf) at
the doses of 10.0 and 25.0 lM (Fig. 2C). SGK-1 is a serine/threonine
protein kinase that is orthologous to the mammalian serum- and
glucocorticoid-inducible kinase (Hertweck et al., 2004). As shown
in Fig. 2D, germ cell corpses in sgk-1(ok538) lf strain were lower
than of N2 physiologically or under arsenite exposure. For sgk-
1(ft15) gf strain, an enhanced germline apoptosis was observed
at the doses of 5.0 and 10.0 lM (Fig. 2D).
Fig. 3. Roles of daf-16 in arsenite-induced apoptosis. (A) Worm strains carrying
mutated daf-16 alleles enhanced germline apoptosis dose dependently. (B) DAF-
16::GFP transgenetic strains reduced germline apoptosis.
3.3. Inactivation of DAF-16/FOXO promoted arsenite-induced
apoptosis

The C. elegans daf-16 encodes a FOXO transcription factor that is
governed by the activity of DAF-2 insulin/IGF-1R signaling path-
way (Ogg et al., 1997). As shown in Fig. 3A, arsenite-induced apop-
tosis in N2 and daf-16(mu86) lf strain showed no difference at all
doses. For mutated alleles of m26 and mgDf50, however, more
germ cell corpses per gonad arm were observed at the doses of
5.0 and 10.0 lM respectively. Inactivation of DAF-16 through RNAi
also showed high levels of apoptosis at the dose of 10 lM (data not
shown). Germ cell corpses showed no difference among all daf-16
alleles at the elevated doses of 25 lM. Further analysis indicated
that DAF-16::GFP rescue transgenetic strains showed inhibitory
effects on germline apoptosis at the doses of 10.0 and 25 lM com-
pared to daf-16 null mutations (Fig. 3B).
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3.4. Antagonistic effects of DAF-16 on IGF-1 signalings

It has been found that phenotypes caused by daf-2 or age-1
mutations can be suppressed by daf-16 mutations (Ogg et al.,
1997). To test the antagonistic effect of daf-16 on arsenite-induced
apoptosis, germ cell corpses in strains with daf-2(e1370); daf-
16(mu86) or daf-2(e1370); daf-16(mgDf47) double mutations were
scored after 24 h of arsenite exposure. Germ cell corpses in these
strains were lower than those of daf-2(lf) and higher than those
of N2 at the doses of 5.0 and 10.0 lM. At the dose of 25 lM, how-
ever, germline apoptosis showed no difference among all strains
(Fig. 4A). For age-1(lf) mutated strain, daf-16(lf) significantly
reduced arsenite-induced apoptosis at all doses (Fig. 4B). These
results were confirmed by daf-16 RNAi, which alleviated the levels
of apoptosis compared to daf-2(lf) or age-1(lf) single mutation at
the dose of 10 lM (Fig. 4C).

For strain pdk-1(lf), the knockout of daf-16 through RNAi caused
no significant changes in germline apoptosis at the dose of 10 lM.
However, daf-16 RNAi in pdk-1(gf) strain produced more germ cell
Fig. 4. DAF-16 antagonized IGF-1 signaling in arsenite-induced apoptosis. (A) daf-16 lf m
lf mutation suppressed arsenite-induced apoptosis enhanced by age-1(lf) mutation. (C) d
Blockage of daf-16 through RNAi sensitized germline apoptosis in strain with pdk-1(gf) al
in strains with akt-1(gf) or akt-2(lf) mutation. (F) daf-16 RNAi enhanced arsenite-induce
corpses compared to pdk-1(gf) single mutation (Fig. 4D). Similar
results were found for akt-1, in which daf-16 RNAi in akt-1(lf) strain
caused no substantial changes in arsenite-induced apoptosis,
whereas daf-16 RNAi in akt-1(gf) strain showed a promotive effect
(Fig. 4E). Inactivation daf-16 in akt-2(lf) caused a stimulatory effect
on germ cell death. For strain sgk-1(gf), germline apoptosis
remained unchanged after daf-16 RNAi, while inactivation of daf-
16 in sgk-1(lf) substantially increased arsenite-induced apoptosis
(Fig. 4F).
3.5. DAF-16 nuclear translocation

To investigate whether arsenite exposure caused DAF-16
nuclear translocation, we scored the number of worms with DAF-
16::GFP nuclear localization after 2 h of arsenite exposure. There
were no significant changes in the ratio of DAF-16 nuclear localiza-
tion at 5.0 and 10.0 lM. At 25 lM or higher dosages, DAF-16::GFP
nuclear localization increased dose-dependently (Fig. 5C). It should
utations attenuated germline apoptosis in worms with daf-2(lf) mutation. (B) daf-16
af-16 RNAi attenuated arsenite-induced apoptosis in daf-2(lf) or age-1(lf) strain. (D)

lele. (E) Inactivation of daf-16 increased the sensitivity of arsenite-induced apoptosis
d apoptosis in sgk-1(gf) strain.



Fig. 5. Arsenite exposure resulted in DAF-16 nuclear translocation. Representative images of cytoplasm DAF-16 localization in untreated control (A) and 25 lM of arsenite
(B). DAF-16 translocation was assayed by scoring the ratio of worms with DAF-16::GFP nuclear localization. Images were taken by Zeiss Imager A2 microscope, the scale bar
represents 50 lm. (C) Arsenite exposure caused dose-dependent increase in DAF-16 localization. *p < 0.05 represents statistical difference compared to untreated control.

S. Wang et al. / Chemosphere 112 (2014) 248–255 253
be noted that a 24-h prolonged arsenite exposure did not cause any
further increase in DAF-16 nuclear localization (data not shown).

3.6. Generation of reactive oxygen species (ROS)

To investigate whether arsenite-induced apoptosis was caused
by ROS, different strains of worms were stained with CM-
H2DCFDA, and the relative fluorescent units (RFU) were assayed
kinetically. As shown in Fig. 6, arsenite exposure caused a
dose-dependent increase in average RFU for all strains. Except for
daf-2(lf), which presented a low level of ROS compared to N2, no
significant differences were observed among all other strains at a
given dose of arsenite.

4. Discussion

IGF-1 signaling networks have been shown to play pivotal roles
in survival/death control. Recent studies indicated that several
members of this signaling were involved in apoptosis regulation
in response to arsenicals (Kumagai and Sumi, 2007). The C. elegans
daf-2 is orthologous to mammalian IGF-1R that regulates dauer
diapause, aging and stress responses (Kimura et al., 1997;
Barsyte et al., 2001). However, the roles of this signal on apoptosis
regulation seemed pleiotropic. Inactivation of DAF-2 has been
Fig. 6. Arsenite exposure increased the generation of ROS. Worms were exposed to
graded doses of arsenite and stained with CM-H2DCFDA, relative fluorescence
intensity (arbitrary unit) were read on a microplate reader kinetically every 10 min
for 6 h at 20 �C. *Represents statistical difference (p < 0.05) compared to untreated
control; �Represents significant difference (p < 0.05) between daf-2(e1370) and
other strains at a given dose of arsenite.
shown to promote germline apoptosis and inhibit gonad tumorous
proliferation (Pinkston et al., 2006). However, a recent study
showed that daf-2 promoted germline apoptosis in response to
ionized irradiation at 25 �C (Perrin et al., 2013). Our results indi-
cated that C. elegans DAF-2/IGF-1R acted as an anti-apoptotic effec-
tor in response to arsenite exposure. Activation of PI3K by arsenite
has been shown to promote transformation in human HaCaT kerat-
inocytes (Ouyang et al., 2008). Suppression of this signal was
linked to enhanced apoptosis induced by arsenic trioxide in B-
chronic lymphocytic leukemia (Redondo-Muñoz et al., 2010).
Because age-1(hx546) was a weak mutation, germline apoptosis
in this strain were lower than that of age-1(mg109), the null muta-
tion that caused constitutive dauer diapause. Our data showed that
AGE-1/PI3K also acted as an anti-apoptotic effector in response to
arsenite exposure. In 3T3-L1 adipocytes, arsenite-induced apopto-
sis was negatively regulated by PDK1, the homologous of worm
PDK-1 (Xue et al., 2011). Unlike DAF-2 or AGE-1, inactivation of
PDK-1 did not promote arsenite-induced apoptosis. A possible
interpretation is that pdk-1(sa680) carries missense mutation and
may retain residual activities to its downstream effectors. In fact,
as demonstrated in pathogen resistance, signals from DAF-2 may
bypass the need for PDK-1 to regulate the activities of DAF-16
(Evans et al., 2008). Since strains of pdk-1(gf) or age-1(lf); pdk-
1(gf) presented less germ cell corpses, PDK-1 was likely to exert
anti-apoptotic effects under arsenite exposure.

AKT has been reported to be required for human keratinocyte
transformation (Ouyang et al., 2008), and the suppression of this
signal promoted apoptosis in melanoma cell lines (Rossman,
2003). The C. elegans AKT-1 and AKT-2 are candidates to transduce
IGF-1 signals in regulation diapause, longevity and stress response
(Hertweck et al., 2004). DNA damage-induced apoptosis in C. ele-
gans are negatively regulated by AKT-1 and AKT-2 (Quevedo
et al., 2007). Like those found in ionized irradiation, activation of
AKT-1 protected germline from arsenite-induced apoptosis. AKT-
2 is found to function redundantly with AKT-1 to repress dauer for-
mation (Paradis and Ruvkun, 1998). Unexpectedly, inactivation of
AKT-2 attenuated arsenite-induced apoptosis, which has not been
reported previously. In C. elegans, SGK-1 lies paralleled to AKT-1
and AKT-2 that forms a multimeric protein complex in signaling
IGF-1 signals in development and stress response (Hertweck
et al., 2004). Similar to AKT-2, inactivation of SGK-1 also caused
antagonized effects on arsenite-induced apoptosis. In other words,
both AKT-2 and SGK-1 played proapoptotic roles in arsenite-
induced apoptosis, which were distinct from those of AKT-1 or
other members of IGF-1 described above. One reasonable explana-
tion is that strains with mutated akt-2 or sgk-1 had small body size
and less germ cells in the gonad, thereby presented less germ cell
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corpses compared to N2 (Jones et al., 2009; So et al., 2011). It was
noteworthy, mitotic cells in strains of sgk-1(lf) and akt-2(lf) were
about 56.8% and 86.6% of N2 under arsenite exposure (data not
shown). Another plausible explanation is that AKT-2 and SGK-1
might share distinct phosphorylation patterns with AKT-1 on their
target substrate DAF-16, leading to different tissue specificity or
different activation patterns. A recent work indicated that AKT-2
and SGK-1 counteracted the function of AKT-1 on gonad develop-
ment that might cause adverse effects on germline apoptosis (Qi
et al., 2012).

In human hepatocellular carcinoma cells, arsenic trioxide
increased FOXO3a nuclear localization and subsequently apoptosis
promotion (Fei et al., 2009). DAF-16, the only C. elegans FOXO
homologue, was reported to play anti-apoptotic roles under geno-
toxic stress (Quevedo et al., 2007). Our results showed that germ-
line apoptosis induced by arsenite was negatively regulated by
DAF-16. This result seemed contradictory with other reports, in
which DAF-16 protected gonad from tumorous growth through
increasing apoptosis (Pinkston et al., 2006; Pinkston-Gosse and
Kenyon, 2007). The inconsistent germline apoptosis among differ-
ent daf-16 alleles might be caused by mutations in different splic-
ing isoforms (Kwon et al., 2010). In fact, germline apoptosis
induced by ionizing radiation also showed discrepant among daf-
16 alleles (Quevedo et al., 2007). The anti-apoptotic effects of
DAF-16 might work well at low doses of arsenite, because apopto-
tic cells at the dose of 25 lM showed no difference among all
alleles. To say, the inhibitory effects of DAF-16 on arsenite-induced
apoptosis exhibited in a biphasic dose-dependent state. The anti-
apoptotic effects of DAF-16 seemed to be strengthened in worms
expressing DAF-16::GFP or DAF-16 alpha::GFP::DAF-16B, the
transgenetic strains that at least partially rescued daf-16 mutation,
presented less germ cell corpses in response to arsenite. Although
DAF-16::GFP or DAF-16 alpha::GFP::DAF-16B has been reported to
express in the somatic tissues only, recent studies indicated that
ectopic expression DAF-16::GFP affected gonad integrity in worms
with shc-1 mutation (Qi et al., 2012).

DAF-16 is negatively regulated by DAF-2 through AGE-1, PDK-1,
AKT-1 and/or SGK-1 cascades (Mukhopadhyay et al., 2006). Under
arsenite exposure, worms with either daf-2 or daf-16 single muta-
tion showed more susceptible to germline apoptosis. Are there any
cooperative or antagonistic effects between DAF-2 and DAF-16 on
arsenite-induced apoptosis? As the cases of aging and stress
responses, arsenite-induced apoptosis promoted by DAF-2 or
AGE-1 dysfunctions were attenuated by DAF-16 depletion. It
should be noted, germline apoptosis in worms with daf-2(e1370)
or age-1(mg109) single mutation were higher than those of daf-
2(e1370); daf-16(lf) or age-1(mg109); daf-16(lf) double mutations.
On the other hand, arsenite-induced apoptosis modulated by IGF-
1 signing exhibited in a DAF-16-dependent manner. Furthermore,
germline apoptosis in strains of pdk-1(gf), akt-1(gf), akt-2(lf) and
sgk-1(lf) were enhanced after daf-16 RNAi. Our results demon-
strated that DAF-16 exerted antagonized effects on IGF-1 signaling
in response to arsenite-induced apoptosis. However, ablation of
daf-16 by RNAi in pdk-1(lf), akt-1(lf) or sgk-(gf) strains did not sig-
nificantly attenuate arsenite-induced apoptosis. Thus, signals from
DAF-2 to DAF-16 might bypass PDK-1/AKT-1/2/SGK-1 cascades
under arsenite exposure, which are consistent with previous find-
ings (Hertweck et al., 2004).

Although both of DAF-2 and DAF-16 exerted anti-apoptotic
effects under arsenite exposure, the underlying mechanisms
involved in seemed different. As a transcription factor, DAF-16
exerts its regulatory functions through translocation from cyto-
plasm to nuclear under reduced IGF-1 signaling or under stress
stimuli (Mukhopadhyay et al., 2006). In mammalian, FOXO3a
nuclear localization generally leads to either cell cycle arrest or
apoptosis (Barsyte et al., 2001; Sakoe et al., 2010). In the absence
of IGF-1 signaling, arsenite-induced apoptosis was undoubtedly
attributed to the constitutive activation of DAF-16. However, the
roles of IGF-1 signaling pathway showed pleiotropic. For example,
activation of FOXO3a in MEF cells protects cells from apoptosis
mediated by oxidative stress (Mei et al., 2009). With respect to
arsenite exposure, DAF-16 nuclear translocation was only observed
at the doses exceeding 25 lM. For worms with intact IGF-1/DAF-2
signaling, arsenite-induced apoptosis was unlikely signaled by
DAF-16 nuclear localization. It is generally believed that oxidative
stress is one of the early events for apoptosis progression under
arsenite exposure (Ahmed et al., 2012). FOXO proteins are the
key factors in protecting cells from oxidative stress (Accili and
Arden, 2004). In C. elegans, mutations in daf-16 increased sensitiv-
ities to oxidative stress, and mutation in daf-2 caused resistance
effects (Henis-Korenblit et al., 2004). Therefore, germline apoptosis
enhanced by DAF-16 inactivation was ascribed to their hypersensi-
tive to oxidative stress.

In summary, by using C. elegans as an in vivo model, we demon-
strated that IGF-1 signaling component DAF-2/IGF-1R, AGE-1/PI3K,
PDK-1 and AKT-1 negatively regulated arsenite-induced apoptosis,
while AKT-2 and SGK-1 acted proapoptotically. DAF-16/FOXO
exerted antagonistic effects on IGF-1 signals in signaling arse-
nite-induced apoptosis, and the elevated levels of apoptosis in
the absence of DAF-16/FOXO was attributed to their higher sensi-
tivities to oxidative stress.
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