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Mitochondria and MAPK cascades modulate
endosulfan-induced germline apoptosis in
Caenorhabditis elegans†
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Endosulfan as a new member of persistent organic pollutants has been shown to induce apoptosis in

various animal models. However, the mechanism underlying endosulfan-induced apoptosis has not been

well elucidated thus far. Caenorhabditis elegans N2 wild type and mutant strains were used in the present

study to clarify the roles of the mitochondria, the insulin/insulin-like growth factor-1 (IGF-1) signaling

pathway, and mitogen-activated protein kinase (MAPK) cascades in α-endosulfan-induced apoptosis. Our

results demonstrated a dose- and time-dependent increase of apoptosis in the meiotic zone of the

gonad of C. elegans exposed to graded concentrations of endosulfan. The expression levels of sod-3,

localized in the mitochondrial matrix, increased greatly after endosulfan exposure. A significant increase in

germ cell apoptosis was observed in abnormal methyl viologen sensitivity-1 (mev-1(kn-1)) mutants (with

abnormal mitochondrial respiratory chain complex II and higher ROS levels) compared to that in N2 at

equal endosulfan concentrations. We found that the insulin/IGF-1 signaling pathway and its downstream

Ras/ERK/MAPK did not participate in the endosulfan-induced apoptosis. However, the apoptosis in the

loss-of-function strains of JNK and p38 MAPK signaling pathways was completely or mildly suppressed

under endosulfan stress. The apoptotic effects of endosulfan were blocked in the mutants of jnk-1/

JNK-MAPK, sek-1/MAP2K, and pmk-1/p38-MAPK, suggesting that these downstream genes play an

essential role in endosulfan-induced germ cell apoptosis. In contrast, the mkk-4/MAP2K and nsy-1/

MAP3K were only partially involved in the apoptosis induction. Our data provide evidence that endosulfan

increases germ cell apoptosis, which is regulated by mitochondrial function, JNK and p38 MAPK cas-

cades. These findings contribute to the understanding of the signal transduction pathways involved in

endosulfan-induced apoptosis.

Introduction

Endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-
6,9-methano-2,4,3-benzodioxathiepin-3-oxide), an organochlor-
ine pesticide, binds and inhibits the γ-amino-butyric acid
(GABA)-gated chloride channel receptor, thereby inhibiting
GABA-induced chloride flux across membranes, resulting in
uncontrolled excitation.1 Technical-grade endosulfan is com-

mercially available as a mixture typically containing >95% of
two diastereoisomers, α-endosulfan and β-endosulfan, in
ratios from 2 : 1 to 7 : 3.2 Endosulfan has been listed as a per-
sistent organic pollutant (POP) by the Stockholm Convention
and is being phased out of all manufacturing processes.3

However, endosulfan is still widely used and produced in more
than 30 countries because of its insecticidal applications.4 A
large number of ecosystem organisms and field workers may
potentially be exposed to endosulfan via the food chain and
occupational routes.

Recently, there have been increasing concerns about the
influence of endosulfan on the function of the reproductive
systems of various species.1,5 For example, the exposure of
pregnant rats to endosulfan not only increased fetal resorption
and induced gross fetal anomalies, but also decreased
spermatogenesis in the offspring.6 Short-term exposure to
environmentally-relevant concentrations of endosulfan may
have long-term effects on reproduction in fish.7
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Apoptosis is a programmed event that plays multiple roles
and has critical functions in reproductive development by
maintaining an appropriate germ cell to Sertoli cell ratio,
removing defective germ cells, and controlling sperm pro-
duction.8 Endosulfan has been reported to induce apoptosis
in the spermatogenic cells of mouse, adult rat testes, adult
rabbit testes, and Sertoli-germ cells of male rats.5,9–11 Oxidative
stress and mitochondrial dysfunction have been shown to play
a pivotal role in endosulfan toxicity-induced apoptosis.9,11

Endosulfan induces oxidative stress and apoptosis via possible
mechanisms of both mitochondrial and non-mitochondrial
pathways.11 Oxidative stress and mitochondrial dysfunction
can easily lead to disorders of other intracellular signals. For
example, the highly-conserved insulin/insulin-like growth
factor (IGF)-1 and mitogen-activated protein kinase (MAPK)
cascades are affected by changes in reactive oxygen species
(ROS) levels.12–14 Increasing evidence suggests that apoptosis
may be directly or indirectly controlled by the extracellular
signal-regulated protein kinase (ERK) and the c-Jun N-terminal
kinase (JNK).15–17 A study using spermatogonial cells of mice
as an assay system demonstrated that endosulfan resulted in a
dose-dependent increase in apoptosis by inhibiting the ERK/
MAPK signaling pathway.18 However, a recent study demon-
strated that in human HaCaT keratinocytes, endosulfan
decreases apoptosis under persistent ERK phosphorylation.19

Therefore, contradictory conclusions have been obtained from
the studies on endosulfan toxicity. Moreover, we know little
about the molecular mechanisms underlying endosulfan-
induced apoptosis.

Caenorhabditis elegans (C. elegans) as a model organism was
first recognized by Brenner.20 Depending on the particular
bioinformatics approach used, C. elegans homologues have
been identified for 60–80% of human genes.21 Today,
C. elegans is used to study a large variety of biological processes
including apoptosis, cell signaling, cell cycle, cell polarity, gene
regulation, metabolism, aging, and sex determination.21 Its
germ cells keep proliferating and undergo programmed cell
death either physiologically or in response to environmental
stresses.22–24 The germline cells of C. elegans are sensitive to
stress induced by exogenous factors.24 The C. elegans germline
apoptosis during oogenesis is a fundamentally important
reproductive process and is evolutionarily conserved from
nematodes to mammals, including humans. Importantly,
C. elegans shares cellular and molecular structures and signal-
ing pathways with higher organisms; thus, biological infor-
mation learned from C. elegans may be directly applicable to
more complex organisms.25 The use of in vivo animal models
with mammalian homologous genes is basically needed to
better understand the toxic mechanism of endosulfan.

The toxic effects of endosulfan have been investigated in
both target and nontarget organisms, which have revealed that
endosulfan isomers and their sulfate metabolite exhibit
different levels of toxicity.26,27 Evidence suggests that the
α-isomer is more toxic to insects and mammals than the
β-isomer and sulfate metabolite.26,27 The main objective of the
present study was to investigate the roles of conserved signal

transduction pathways in α-endosulfan-induced apoptosis in
C. elegans. Our results show that the exposure of L4-stage or
young adult worms to α-endosulfan significantly enhances
germ cell apoptosis. This induction of germ cell apoptosis
might be triggered by ROS, JNK, and p38/MAPK signaling
pathways.

Materials and methods
Chemicals

α-Endosulfan used in this study was purchased from Sigma-
Aldrich (St Louis, MO) and was of the highest purity available.
The molecular configuration of endosulfan isomers and
sulfate metabolite is shown in Fig. 1. Acridine orange (AO) was
a commercial product of Molecular Probes (Eugene, OR).
5-Fluoro-2′-deoxyuridine (FudR) was purchased from Sigma-
Aldrich (St Louis, MO) as well.

Worm strains and culture

Maintenance of C. elegans was carried out according to the
standard procedures as described by Brenner.20 All strains
were grown at 20 °C in Petri dishes in nematode growth
medium (NGM) and fed with the bacterium Escherichia coli
strain OP50. The tests on C. elegans were conducted following
the institutional criteria for the care and use of laboratory bio-
materials approved by the Chinese Academy of Sciences. The
wild-type strain used was Bristol N2. The following mutant
strains were provided by the Caenorhabditis Genetics Centre
(CGC): the strains deficient in the ERK signalling cascade, lin-
45(n2520), mek-2 (n1989), ksr-1(ku68) and mpk-1 (ku1); the JNK
signalling cascade, mek-1 (ks54), jnk-1 (gk7), jkk-1(km2) and
mkk-4 ( ju91); the p38 MAPK signalling cascade, nsy-1 (ag3),
sek-1(ag1) and pmk-1 (km25); the insulin/IGF-1 signalling
pathway, daf-2(e1370), age-1(hx546) and daf-16(mu86); the
oxygen sensitive mutant of mev-1(kn-1) and the transgenic
strain muIs84 [sod-3p::GFP + rol-6]. The description of all
mutants we used in the experiment is listed in Table S1.† To
obtain synchronized cultures, gravid hermaphrodites were
lysed in an alkaline hypochlorite solution and the gathered
eggs were subjected to an overnight hatching at 20 °C. The
new hatchers were maintained for 24 h at the L1 stage in the
absence of food until inoculated onto NGM.

Worm exposure

Endosulfan was dissolved in dimethyl sulfoxide (DMSO).
Before using, the stock solutions were diluted with M9 buffer

Fig. 1 Endosulfan isomers and sulfate metabolite. (A) α-Endosulfan. (B)
β-Endosulfan and (C) endosulfan sulfate.
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(3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, and
H2O to 1 L, sterilized by autoclaving) to the working concen-
trations. Young adult hermaphrodites were transferred into a
Costar 24-well tissue plate with M9 buffer or test solutions for
6, 12, and 24 h, respectively. E. coli strain OP50 was added as a
food source. The maximum concentration of DMSO was 0.01%
in the working solutions of endosulfan, which showed no
effects in C. elegans.

Germ cell death/apoptosis assay

Germ cell corpses were measured by AO vital staining. Briefly,
the treated worms were stained for 1 h in the dark at 20 °C by
transferring worms into a Costar 24-well plate containing
500 μL of 25 μg mL−1 AO and OP50 in M9 buffer and then
transferred to NGM for a recovery of 40 min on bacterial lawns
also in the dark. AO staining positive cell corpses were scored
using an Olympus IX71 fluorescence microscope (Olympus,
Tokyo, Japan). The apoptotic cells appeared yellow or yellow-
orange after AO vital staining, representing increased DNA
fragmentation, while intact cells were uniformly green in
color. Only the gonad arm in the posterior part of the body
was scored, because the autofluorescence of the intestine
shaded the gonad arm near the pharynx.

Life-span assay

All life-span assays were conducted in 96-well plates containing
M9 buffer and E. coli OP50 was added as a food source. Briefly,
30 age-synchronized L3 stage hermaphrodites were picked and
transferred to a 96-well plate. Each well contained one worm
in 200 μL M9 or test solution at 20 °C. 5-FudR (20 μg mL−1),
with no significant effect on the lifespan, was added to each
well to prevent offspring generation. All worms were continu-
ously exposed to endosulfan until the worm was dead, which
was identified by the lack of response to mechanical
stimulation.

Sod-3 expression assay

Sod-3 expression was measured as an indicator of oxidative
stress in endosulfan-exposed sod-3p::gfp allele worms, which
co-express green fluorescent protein with sod-3 precursor in
wild type. Worms at L3-larva were exposed to endosulfan for
8 h, and expression of sod-3 was observed by fluorescence
microscopy. Nematodes were imaged using an Olympus IX71
fluorescence microscope (Olympus, Tokyo, Japan) and quanti-
fied using Image J.

Data analysis

All experiments were performed at least three independent
times. All values were expressed as means ± standard error. A
significant difference (p < 0.05) level between various concen-
trations of different strains was tested using ANOVA followed
by Tukey’s multiple comparison test. For comparisons between
different strains, statistical analysis was performed with
2-factor ANOVA with Dunnett’s t tests.

Results and discussion
Induction of germ cell apoptosis in C. elegans treated with
α-endosulfan

Endosulfan has been reported to exhibit significant genotoxi-
city and cytotoxicity in several in vitro or in vivo models.9–11 As
shown in Fig. 2, α-endosulfan (0.1 to 10 μM) induced germ cell
death in a time- and dose-dependent manner. A significant
increase in the number of germ cell corpses was observed in
C. elegans exposed to 0.1 μM endosulfan for 12 h. These data
were consistent with observations in mice spermatogenic cell
lines (GC-1 spg) and the human T-cell leukemic line.9,28

Germline apoptosis plays an integral role in oogenesis. An
abnormal increase in the level of apoptosis under exogenous
stress will inevitably leads to dysfunction of the reproductive
system. However, the potential mechanisms underlying endo-
sulfan-induced apoptosis are still largely unknown, and likely
involve multiple pathways. C. elegans can serve as a powerful
model system for studying the molecular mechanisms under-
lying endosulfan toxicity in vivo.

Contribution of mitochondria to endosulfan-induced
apoptosis

ROS, which can cause oxidative damage to proteins, DNA, and
lipids are considered to be a key inducer of apoptosis.9–11

Several in vitro and in vivo studies have suggested that exposure

Fig. 2 Fluorescence microscopy observations of α-endosulfan
exposure-induced germline cell apoptosis in wild type N2 exposed to
0 (A) and 10 μM (B) of endosulfan for 12 h, respectively. Representative
pictures of dying cells stained with acridine orange (AO). Apoptotic cells
are indicated by white arrows. (C) C. elegans was exposed to graded
concentrations of α-endosulfan for 6, 12, and 24 h, and the number of
germ cell corpses per gonad arm was determined. About 44 to 50
worms were quantified for each dose. Data were pooled from at least
three independent experiments. Error bars indicate ± SD; asterisks indi-
cate statistical significance at p < 0.05.
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to endosulfan induces ROS generation and results in oxidative
damage.9,10 The C. elegans sod-3 encodes an iron/manganese
superoxide dismutase, localized in the mitochondrial matrix,
that might defend against oxidative stress and promote a
normal lifespan.29,30 Using CF1553(muls84) strain containing
the sod-3p::gfp reporter gene, we found that exposure to endo-
sulfan at 0.1, 1, and 10 μM resulted in an approximately 1.44-,
1.79-, and 2.29-fold increase in fluorescence intensity com-
pared to CF1553 control, respectively (Fig. 3A and B), indicat-
ing that endosulfan increased ROS generation in C. elegans.
Organisms are equipped with antioxidant defense mecha-
nisms to counter oxidative stress. A significant time-dependent
increase of SOD activity was observed in the Sertoli-germ cells
of male rats following endosulfan treatment.5 However, the
antioxidant enzymes were gradually consumed following the
excess production of ROS, which resulted in a decreased anti-
oxidant capacity. An imbalance in the prooxidant/antioxidant
homeostasis led to oxidative stress.31,32

Mev-1 encodes the C. elegans ortholog of the succinate
dehydrogenase cytochrome b560 subunit, an integral mem-
brane protein that is a subunit of mitochondrial respiratory
chain complex II (ubiquinol-cytochrome c reductase).33 Mev-1
is required for oxidative phosphorylation. As shown in Fig. 3C,
the spontaneous physiological germ cell apoptosis in stress-

sensitive mev-1(kn-1) mutants was higher than that in the wild-
type worm. Compared to that in wild-type worms, a greater
number of apoptotic cells and a shorter lifespan were observed
in mev-1(kn-1) mutants following exposure to equal endosulfan
concentrations, indicating that the mev-1(kn-1) mutants were
hypersensitive to endosulfan exposure (Fig. 3C and D).
However, the enhanced apoptosis induced by endosulfan was
effectively rescued upon the addition of DMSO, a ROS
quencher (Fig. 3C). These results provide clear evidence that
mitochondria and ROS play a pivotal role in endosulfan-
induced germ cell death.

Roles of insulin/IGF-1 signaling pathway in endosulfan-
induced germ cell apoptosis

The conserved insulin signaling pathway can be positively and
negatively regulated by ROS.12 The C. elegans insulin/IGF-1 sig-
naling (IIS) pathway connects nutrient levels to metabolism,
growth, development, longevity, and behavior.13 This funda-
mental pathway is regulated by insulin-like peptide ligands
that bind to the insulin/IGF-1 transmembrane receptor (IGFR)
ortholog daf-2.34 Daf-2/IGFR controls the activity of the PI3K/
Akt kinase cascade, culminating in the regulation of a FoxO
transcription factor, daf-16, that governs most of the functions
of this pathway.34 The downstream targets of daf-16/FoxO
influence germline cell proliferation and p53-dependent
apoptosis.34 Therefore, it was expected that the insulin/IGF-1
signaling pathway might play a role in endosulfan-induced
germline apoptosis in C. elegans.

As shown in Fig. 4, there were no significant differences in
the numbers of germ cell corpses in daf-2(e1370)/IGFR, age-1
(hx546)/PI3K, and daf-16(mu86)/FoxO mutants compared to
that in N2 worms at all concentrations, suggesting that the
insulin/IGF-1 signaling pathway is not involved in regulating
endosulfan-induced apoptosis in C. elegans. However, it has
been shown that the insulin levels can be significantly altered
by endosulfan. Endosulfan has an impact on the B cells of the

Fig. 3 The endosulfan-induced germ cell apoptosis and lifespan
decrease were mediated by mitochondria and ROS. (A) Representative
fluorescence microscopy images of sod-3 gene expression in L3 larva of
C. elegans muIs84 (sod-3p::gfp) exposed to graded concentrations of
endosulfan for 8 h. (B) The fluorescence intensity of CF1553 quantified
using the Image J software. (C) The average number of endosulfan-
induced germline apoptotic cells in N2 worms with or without 1.0%
DMSO and in stress-sensitive mev-1(kn-1) mutants. (D) Effect of endo-
sulfan on the lifespan of wild type N2 worms and mev-1(kn-1) mutants.
Error bars indicate ±SD; asterisks indicate statistical significance at p <
0.05.

Fig. 4 Roles of daf-2, age-1 and daf-16 in endosulfan-induced apopto-
sis. Data were pooled from at least three independent experiments.
Error bars indicate ±SD; asterisks indicate statistical significance at p <
0.05.
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rat pancreas, which are responsible for insulin secretion.35

Exposure of adult male rats and rabbits to endosulfan inhi-
bited the synthesis and secretion of insulin in pancreatic cells
and resulted in a marked decrease in the level of serum
insulin.36,37 Activated insulin and IGF-1 receptors phosphory-
late a variety of substrates, among which are the insulin recep-
tor substrate (IRS) family of scaffold proteins.38 Tyrosine-phos-
phorylated IRS proteins promote the recruitment and acti-
vation of components of downstream cascades such as the
Ras/MAPK pathway (Ras-Raf-MEK-ERK MAPK) described
below, as well as the phosphoinositide 3-kinase (PI3K)/Akt and
mTOR pathways.13

Contribution of MAPK signaling cascades in endosulfan-
induced germ cell death

The Raf/MEK/ERK signaling pathway is one of the most well-
known signal transduction pathways that regulates cell pro-
liferation, cell cycle arrest, terminal differentiation, and apop-
tosis.39 In C. elegans, lin-45(Raf, MAPKKK), mek-2(MEK,
MAPKK), and mpk-1(ERK, MAPK) are the components of the
ERK signaling pathway, which controls and coordinates mul-
tiple biological processes during germline development.40 The
C. elegans ksr-1 encodes one of the two C. elegans kinase sup-
pressors of Ras paralogs, and positively regulates Ras signal-
ing.41 As shown in Fig. 5A, germline cells in lin-45(n2520),
mek-2 (n1989), ksr-1(ku68), and mpk-1 (ku1) mutants showed a
prominent apoptosis response to endosulfan compared to that
of the untreated mutants, indicating that the ERK signaling
pathway was not indispensable in response to endosulfan-
induced apoptosis. However, germ cell apoptosis occurring in
the proximal pachytene zone has been shown to be directly or
indirectly controlled by ERK.16,17 Endosulfan decreased
apoptosis in human HaCaT keratinocytes, and this was partially
mediated by a ROS-dependent ERK1/2 mechanism.19 This
inconsistency might be due to the differences in the species.

In addition to the ERK signaling pathway, the JNK and p38/
MAPK signaling pathways have also been implicated in a
variety of biological functions in mammalian cells, such as
apoptosis and the responses to ROS related stress.42 The
C. elegans nsy-1 encodes a homolog of the human apoptosis
signal-regulating kinase (ASK1, MAPKKK), an activator of JNK
and p38 kinases.43,44 The mek-1 and jkk-1 genes encode
human MKK7-like MAPKKs. The mkk-4 encodes a protein that
is homologous to the MKK4 family of MAPKK. Jnk-1 is a
member of the JNK homolog.45 As shown in Fig. 5B, germline
apoptosis was only slightly altered in jnk-1(gk7) mutants
exposed to endosulfan compared to that in the untreated
mutants control. Nsy-1(ag3) and mkk-4( ju91) mutants exposed
to 10 μM endosulfan showed a significant increase in the
apoptotic germ cells (Fig. 5B). These results indicated that jnk-1
was involved in regulating apoptosis induction by endosulfan;
however, the function of nsy-1 or mkk-4 was only partially
involved in the induction of apoptosis. It has been proved that
the C. elegans jkk-1 and mek-1 function in the same pathway as
jnk-1 to regulate graphene oxide toxicity,46 however jkk-1 and

mek-1 do not seem to be involved in response to endosulfan
toxicity in this study.

The p38 MAPK of C. elegans has been associated with germ-
line apoptosis regulation, innate immune responses, and the
responses to heavy metals and oxidation.47–50 The C. elegans

Fig. 5 Induction of germ cell apoptosis by exposure to α-endosulfan in
worms deficient in ERK (A), JNK (B), and p38/MAPK (C) signaling path-
ways. The germline apoptosis of the corresponding mutants was deter-
mined after exposure of the worms to 10 μM α-endosulfan for 12 h. Data
were pooled from at least three independent experiments. Error bars
indicate ±SD; asterisks indicate statistical significance at p < 0.05.
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pmk-1 is a p38 MAPK homolog, and the p38 MAPK pathway of
C. elegans is activated by mammalian MKK3/6 homolog sek-1
(MAPKK), which is in turn activated by nsy-1.43,44 As shown in
Fig. 5C, except for the nsy-1(ag3) mutants treated with 10 μM
endosulfan, the number of germ cell corpses was not altered
by endosulfan treatment in sek-1(ag1) and pmk-1(km25)
mutants, suggesting that sek-1 and pmk-1 play pivotal roles in
mediating endosulfan-induced germline apoptosis in
C. elegans.

It is known that overexpression of ASK1 induced apoptotic
cell death and ASK1 was activated in cells treated with tumor
necrosis factor-α (TNF-α). Moreover, TNF-α-induced apoptosis
was inhibited by a catalytically inactive form of ASK1.44

C. elegans nsy-1/ASK1 may be a key element in endosulfan-
induced apoptosis. However, the nsy-1 mutants did not com-
pletely block endosulfan-induced germline apoptosis. The
elevated levels of apoptosis in nsy-1/ASK1 as well as mkk-4
mutants following treatment with 10 μM endosulfan suggested
that a co-regulated pathway may be involved in endosulfan-
induced germline apoptosis in C. elegans, as exists for the geno-
toxic response genes cep-1, egl-1, hus-1, and ced-3/4.51 It has
been reported that endosulfan exposure can induce apoptosis
in a variety of cells.5,8,11 In this report, we have provided clear
evidence that the jnk-1/JNK-MAPK, sek-1/MAP2K, and pmk-1/
p38-MAPK genes are critical for regulating endosulfan-induced
germ cell apoptosis, which implies that there is a close
relationship between the phosphorylation of MAPK and endo-
sulfan-induced apoptosis. Phosphorylation is involved in each
MAPK pathway,52 and the genes we found to be important in
this study are down-stream targets in this pathway. These key
genes are regulated by several up-stream genes, and even if
one or more up-stream genes are mutated, the signal can be
transduced by other genes.

ROS can be activated by various stresses and are rapidly
removed by intracellular antioxidant proteins.53 However, once
ROS production exceeds the capacity of the antioxidant pro-
teins, the ROS may induce oxidative modifications of MAPK
signaling proteins (e.g., RTKs and MAP3Ks), thereby leading to

MAPK activation.53,54 Therefore, we hypothesize that the germ
cell apoptosis induced by α-endosulfan in C. elegans occurs via
an endosulfan-induced mitochondrial response and ROS gene-
ration that activates MAPK signaling pathways. A further inves-
tigation is needed to determine how the key signaling mole-
cules, such as jnk-1 and pmk-1, are integrated with the core
apoptotic machinery.

Conclusion

Our data provide direct evidence indicating that endosulfan
has toxic effects on nematode germ cells, and suggest potential
molecular mechanisms underlying endosulfan-induced germ
cell apoptosis. Mitochondria play an essential role in endo-
sulfan-induced apoptosis (Fig. 6). The prooxidant/antioxidant
homeostasis was disturbed by endosulfan, making mev-1(kn-1)
mutants with increased ROS level in vivo have a higher suscep-
tibility to endosulfan toxicity. We found that the insulin/IGF-1
signaling pathway did not participate in endosulfan-induced
apoptosis. Among the MAPK family members, the downstream
genes of jnk-1/JNK-MAPK, sek-1/p38-MAP2K, and pmk-1/p38-
MAPK appear to play pivotal roles in the induction of apopto-
sis by endosulfan, whereas mkk-4/JNK-MAP2K and nsy-1/
MAP3K were only partially involved (Fig. 6). Our study provides
new information that is useful for understanding the mole-
cular basis of endosulfan-induced apoptosis.
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