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Chapter 2
Molecular Basis for Reduced Lifespan 
Induced by Environmental Toxicants 
or Stresses

Abstract What’s the potential basic principle for the toxicity induction on different 
endpoints in nematodes exposed to environmental toxicants or stresses? To answer 
such a question, we here focus on the endpoint of lifespan to discuss the potential 
basic principle for toxicity induction from environmental toxicants or stresses. In 
this chapter, we will discuss how the environmental toxicants or stresses reduce 
lifespan by affecting the molecular basis for longevity, and how the innate immune 
response is involved in the regulation of longevity reduction in nematodes exposed 
to environmental toxicants or stresses. We will further introduce the genetic 
identification of genes and signaling cascade in the regulation of toxicity of 
environmental toxicants or stresses. We will also discuss how the environmental 
toxicants or stresses reduce lifespan by affecting signaling pathways associated 
with the stress response.

Keywords Molecular basis · Lifespan reduction · Environmental exposure · 
Caenorhabditis elegans

2.1  Introduction

In nematodes, many useful sublethal endpoints have been raised and will be further 
raised to be used for toxicity assessment and toxicological study of various 
environmental toxicants and stresses. The already raised sublethal endpoints in 
nematodes are at least associated with development, reproduction, neuronal 
development and function, intestinal development and function, epidermal 
development, innate immune response, lifespan, metabolism, and oxidative stress 
[1–17]. With the concern on these valuable endpoints, we are facing upon an 
important scientific question. That is, what’s the potential basic principle for the 
toxicity induction on these sublethal endpoints in nematodes exposed to 
environmental toxicants or stresses?

Among the widely used toxicity assessment endpoints in C. elegans, lifespan is 
an endpoint to reflect the long-term effects of certain environmental toxicants or 
stresses on animals [18–20]. Both lifespan and aging-related phenotypes can be 
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used to determine the aging process in nematodes. In this chapter, we will focus on 
the lifespan to discuss the potential basic principle for the toxicity induction in 
nematodes exposed to environmental toxicants or stresses. We first introduced the 
molecular basis for the longevity control, especially the important signaling 
pathways required for the control of longevity (insulin signaling pathway, dietary 
intake signaling pathway, mitochondrial respiration signaling pathway, and germline 
signaling pathway). After that, we discussed how the environmental toxicants or 
stresses reduce lifespan by affecting the molecular basis for longevity, and how the 
innate immune response is involved in the regulation of longevity reduction in 
nematodes exposed to environmental toxicants or stresses. Moreover, we introduced 
the genetic identification of genes and signaling cascade in the regulation of toxicity 
on lifespan by environmental toxicants or stresses. Finally, we tried to discuss how 
the environmental toxicants or stresses reduce lifespan by affecting signaling 
pathways associated with the stress response.

2.2  Molecular Basis for Longevity Control

Over 30 years ago, it has been found that certain genetic or environmental manipu-
lations could result in the C. elegans to live over twice as long as that in wild-type 
nematodes [21–23]. Since this discovery, many more genes and these genes-medi-
ated signaling pathways have been successfully identified and elucidated to explain 
the underlying molecular mechanisms for the aging process or longevity in C. ele-
gans [24–30]. The widely described signaling pathways involved in the regulation 
of longevity in C. elegans contain insulin, dietary intake, mitochondrial respiration, 
and germline signaling pathways [24–30]. More importantly, these signaling path-
ways described in C. elegans can also be shared by other organisms, including the 
mammals [24–30], which implies that the underlying molecular mechanisms for 
longevity are conserved among different organisms.

2.2.1  Insulin Signaling Pathway

In 1997, it was reported that the lifespan extension can be achieved by mutations of 
daf-2 encoding the sole insulin/IGF-1 receptor in C. elegans [31]. The insulin 
signaling pathway is the most well-described signaling pathway in the regulation of 
longevity in C. elegans.

2 Molecular Basis for Reduced Lifespan Induced by Environmental Toxicants…
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2.2.1.1  The Basic Information for Insulin Signaling Pathway

During the control of aging process, the insulin signals activated DAF-2 can initiate 
a subsequent signaling cascade by activating AGE-1, a phosphatidylinositol 3-kinase 
(PI3K), to produce the PIP3 and the AKT family kinases in the dependent of a 
PDK-1 kinase [32–35]. The activated signaling cascade of AKT family kinases will 
phosphorylate the forkhead transcription factor DAF-16  in order to prevent the 
entering of DAF-16 into the nucleus to promote or inhibit the transcription of its 
downstream genes [36–40]. Inactivation of insulin signaling pathway occurs at least 
partially via the activity of DAF-18, a PIP3 phosphatase [40, 41].

2.2.1.2  Nucleus-Cytoplasmic Translocation of DAF-16

It has been widely considered that the nucleus-cytoplasmic translocation of DAF-16 
plays a major role in the regulation of longevity and stress response [24–30, 42]. 
Nevertheless, a constitutive nuclear localization of DAF-16 did not potentially 
increase the lifespan of nematodes [43]. Additionally, some important regulators, 
such as SIR-2.1, HSF-1, LIN-14, and SMK-1, have been identified to be capable of 
modulating DAF-16’s phenotypes once translocated into the nucleus [43–46].

2.2.1.3  Targets of DAF-16

To understand the underlying mechanisms for DAF-16 in extending the lifespan and 
modulating the resistance to various stressors, some groups have identified the 
downstream targets of DAF-16 [47–52]. Transcriptional profiling analyses by 
comparing wild-type, dauer, and long-lived insulin/IGF-1 signaling- daf-2 mutant 
identified heat shock proteins and mitochondrial Mn-SOD protein SOD-3 as the 
most DAF-16-responsive downstream targets [47–50], implying the important roles 
of proteostasis and reactive oxygen species (ROS) detoxification in the regulation of 
longevity and resistance to environmental toxicants or stresses. The further more 
in-depth expressional profiling analysis by comparing daf-2 and wild-type adult 
nematodes found that, besides the heat shock proteins, many neuropeptide-like 
proteins and antimicrobial proteins associated with the innate immune response 
could be upregulated [51]. After the profiling comparisons of daf-2 and age-1 
mutants, or of daf-2 gene inactivation with and without daf-16 mutation or 
inactivation, totally 254 upregulated and 243 downregulated genes were identified 
to act as the possible targeted genes of daf-16 [52]. Among the identified possible 
downstream targets for DAF-16, the potential functions of heat shock proteins 
(HSP-16.1, HSP-16.2, HSP-12.3, and HSP-12.6), catalases and superoxide 
dismutases (CTL-1, CTL-2, and SOD-3), and antimicrobial proteins (LYS, SPP, 
CLEC, and NLP proteins) in the regulation of longevity and stress response need to 
be further carefully considered [52].

2.2 Molecular Basis for Longevity Control
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2.2.2  Dietary Intake Signaling Pathway

In 1998, it was reported that the eat-2 mutants can exhibit a significant increase in 
lifespan, which may be largely due to the result of their decreased rates of feeding 
[53]. Dietary restriction (DR) is defined as the reduction of particular or total 
nutrient intake without causing the malnutrition.

2.2.2.1  mTOR Signaling Pathway Is a Major Effector Regulating 
the Dietary Restriction

In nematodes, loss-of-function mutation of let-363 encoding the TOR results in an 
increased lifespan [54, 55]. Moreover, the TOR adaptor protein rap-TOR (DAF-15) 
can be directly suppressed by the active DAF-16 [54, 55]. Meanwhile, loss-of- 
function mutation of let-363 in combination with daf-2 mutation could not further 
extend the lifespan, although the extended lifespan in let-363 mutant could not be 
suppressed by daf-16 mutation [55]. In nematodes, TOR and daf-2 extension of 
longevity may share the same or similar downstream mechanisms and targets.

2.2.2.2  Important Role of Autophagy

In C. elegans, inhibition of several autophagy-related genes (unc-51/ATG1/Ulk1, 
bec-1/ATG6/Beclin1, vps-34, atg-18/Wipi, or atg-7) could effectively shorten the 
long lifespan phenotype of eat-2 mutants [56–59], suggesting the potential directly 
link of modulation in autophagy to dietary restriction-mediated longevity. 
Additionally, the nematodes with the mutations of daf-15/raptor also require the 
autophagy genes for their lifespan extension [59]. Recently, it has been further 
observed that intestine-specific RNAi knockdown of autophagy genes atg-18/Wipi 
or lgg-1/Atg8 in eat-2 mutants was sufficient to shorten their extended lifespan and 
disrupt the improved intestinal barrier function [56].

2.2.2.3  Transcriptional Factors Involved in the Regulation of Dietary 
Restriction-Mediated Lifespan Extension

So far, at least the transcriptional factors of FOXA ortholog PHA-4, nuclear hor-
mone receptor NHR-62, and TFEB ortholog HLH-30 have been identified to be 
required for dietary restriction- or mTOR-mediated lifespan extension [60, 61].

2 Molecular Basis for Reduced Lifespan Induced by Environmental Toxicants…
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2.2.3  Mitochondrial Respiration Signaling Pathway

If the reactive oxygen species (ROS) production can be properly controlled by mod-
ulating the mitochondrial activity, the longevity is predicted to be increased. The 
mitochondria are primary sites producing ROS. Based on this assumption, the mito-
chondrial electron transport and ATP synthase have been identified as the important 
regulators of longevity in C. elegans [62–64].

2.2.3.1  Complex I (NADH:Ubiquinone Oxidoreductase)

gas-1 encodes a 49 kDa subunit of complex I. The gas-1(fc21) mutant has shortened 
lifespans and few offspring and grows slowly [65]. The increased oxidative damage 
onto mitochondrial protein was further observed in gas-1 mutant nematodes [66].

nuo-1 encodes a NDUFV1 subunit of complex I.  The nuo-1 mutant cannot 
develop into the adulthood (arrested at the L3 stage) [67], implying that the nuo-1 
mutant can be technically considered as long-lived.

nuo-6 encodes a complex I subunit orthologous to mammalian NUDFB4 com-
plex I subunit. The missense mutation of nuo-6 decreased the complex I function 
and increased the lifespan [68].

2.2.3.2  Complex II (Succinate:Ubiquinone Oxidoreductase)

mev-1 encodes a cytochrome b large subunit of complex II [69]. The mev-1(kn1) 
mutant shows a decreased mitochondrial activity (as indicated by the reduced 
mitochondrial respiratory rates) and short lifespan [69–71]. In addition, the mev- 
1(kn1) mutant has a higher level of oxygen-free radicals compared with wild type 
[72].

2.2.3.3  Complex III

isp-1 encodes an iron–sulfur component of complex III. Mutations of isp-1 could 
increase the longevity by decreasing the oxygen consumption [62, 63].

ctb-1 encodes a cytochrome b subunit of complex III. Missense mutation of ctb-1 
could suppress the slow developmental rate of isp-1 mutant, but not the prolonged 
lifespan [63]. ctb-1 mutant alone has no aging phenotype [63].

2.2 Molecular Basis for Longevity Control
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2.2.3.4  Complex IV

RNAi knockdown any of the three complex IV subunits, including the COX IV, 
could increase the lifespan in nematodes [64, 73].

2.2.3.5  Complex V

Loss-of-function mutation or RNAi knockdown of atp-2 caused the extended lifes-
pan [62, 67].

2.2.3.6  Coenzyme Q (Ubiquinone, CoQ) Synthesis

clk-1 encodes a ubiquinone biosynthesis protein COQ7. Mutation of clk-1 could 
lengthen the lifespan [74]. More importantly, the long-lived phenotype of daf- 
2(e1370) mutant could be further extended by isp-1 or clk-1 mutation or RNAi of 
respiratory chain components [62–64, 74].

2.2.3.7  Mitochondrial Mn-SODs

Mitochondrial superoxide dismutases contain SOD-2 and SOD-3. SOD-2 is local-
ized to the I:III:IV super complex.

sod-2 encodes a constitutively expressed mitochondrial dismutase. It was 
reported that mutation of sod-2 could lengthen the lifespan, and the clk-1;sod- 
2(ok1030) could live longer than clk-1 mutant, although the increased oxidative 
damage could be detected [75].

sod-3 encodes an inducible mitochondrial superoxide dismutase. The sod-2;gas- 
1sod- 3 triple mutant is synthetically lethal [76], which implies the importance of 
SOD-3 for the normal survival of sod-2;gas-1.

2.2.4  Germline Signaling Pathway

Certain cells and tissues, such as the gonad, in the body can act as an endocrine 
source to regulate metabolism, behavior, development, and longevity. In nematodes, 
prevention of germline stem cell proliferation can induce approximately 60% 
extension of lifespan [77]. So far, at least steroid nuclear receptor DAF-12, FOXO 
transcription factor DAF-16, FOXA transcription factor PHA-4, and HNF-4-like 
nuclear receptor NHR-80 have been identified to be required for the control of 
gonadal longevity in C. elegans [77].

2 Molecular Basis for Reduced Lifespan Induced by Environmental Toxicants…
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2.2.4.1  DAF-12

The longevity of nematodes lacking the germline was found to be dependent of a 
steroid hormone signal encoded by the nuclear hormone receptor DAF-12 [78]. 
After response to ligands (bile acid-like steroids or dafachronic acids (DA)), DAF- 
12 extends the adult lifespan when the germline stem cells are removed [78], which 
suggests that the DAF-12 acts as an important link between the developmental 
progression and the longevity. That is, when the gonad is intact, signals from the 
germline may impinge on the somatic gonad to inhibit the DA/DAF-12 signaling. 
However, when the germline is removed, the DA/DAF-12 signaling may be 
suppressed.

2.2.4.2  DAF-16

It has been considered that the DAF-16/FOXO can act as a central regulator of 
gonadal longevity [78]. Additionally, it has been shown that the daf-2;glp-1 double 
mutants live four- to five-fold longer than wild-type nematodes [78]. This implies 
that the longevity of reduced IIS may be additive with that of gonadal longevity, and 
DAF-16/FOXO may respond to the germline ablation differently from the reduced 
IIS.

2.2.4.3  TOR Signal

Germline removal can also trigger the downregulation of TOR signal, which will in 
turn stimulate the PHA-4 and the autophagy to promote a healthful state through the 
effects on certain metabolisms (such as fats, sterols, amino acids, carbohydrates) or 
other stress signals [77].

2.2.4.4  NHR-80

Besides the fat metabolism, the nuclear hormone receptor NHR-80 has been found 
to be involved in the regulation of longevity [79]. Loss-of-function mutation of nhr- 
80 could abrogate the lifespan extension of germline-less nematodes, but has little 
effect on the lifespan in wild-type nematodes [79]. The nhr-80 expression could be 
induced upon germline ablation in a manner independent of the daf-12 or the daf-16 
[79], which implies that this observed extended longevity may be associated with 
the reduced IIS, the reduced mitochondrial function, and the dietary restriction. The 
increase in NHR-80 expression was observed specifically within the intestine upon 
the germline ablation; however, loss-of-function mutation of nhr-80 has no effect on 
the DAF-16/FOXO nuclear localization [79]. Additionally, RNAi knockdown of 
nhr-80 could further shorten the lifespan of double mutant of daf-16;glp-1 [79].

2.2 Molecular Basis for Longevity Control
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2.2.5  Interaction Among Different Signaling Pathways

It has been observed that the simultaneous manipulation of more than one of the 
signaling pathways required for the control of longevity could result in longer 
lifespan than that through the manipulation of a single signaling pathway [41, 53, 
62, 80, 81]. Meanwhile, the combination of mutations in multiple genes downstream 
of IIS or of an IIS mutation in combination with the daf-2(RNAi) yielded the results 
only in the lifespan extension comparable to the single mutations or to stronger daf- 
2 mutant [41, 53, 62, 80, 81]. Therefore, these synergistic effects between different 
signaling pathways required for the control of longevity may not be simply due to 
the further downregulation of insulin signaling in nematodes (Fig. 2.1).

2.3  Environmental Toxicants or Stresses Reduce Lifespan 
by Affecting the Molecular Basis for Longevity

2.3.1  Environmental Toxicants or Stresses Reduce Lifespan 
by Affecting the Insulin Signaling Pathway

Illegal or unsuitable use of weight loss agents is an important public health concern 
[83, 84]. Clenbuterol is a typical weight loss agent by acting as a β2-adrenergic 
agonist. It was illegally used as a feed additive to improve production performance 
and a carcass composition. Ractopamine is another synthetic β2-adrenoceptor 

Fig. 2.1 Modulation of the three core signaling pathways that affect the aging act synergistically 
with each other [82]. Dietary restriction (red line), reduced insulin signaling (green line), or 
impairment of the mitochondrial electron transport chain (blue line) can extend the lifespan of a 
wild-type animal (orange line). Modulation of any two of these three pathways has an additive 
effect on lifespan, supporting arguments for their mechanistic autonomy. Knockdown of all three 
pathways should create an animal that is far longer lived than an animal with reduced function in 
just two of the three pathways

2 Molecular Basis for Reduced Lifespan Induced by Environmental Toxicants…
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agonist and is also widely used as a feed additive to promote the reduction in body 
fat and to enhance the muscle growth [85]. Here, we selected the ractopamine as an 
example to explain the effect of certain environmental toxicants or stresses in 
reducing the lifespan by affecting the insulin signaling pathway in nematodes.

In nematodes, acute exposure to the ractopamine at the concentration of 5 mg/L 
could not significantly alter the lifespan (Fig.  2.2) [86]. In contrast, prolonged 
exposure to the ractopamine at the concentration of 10 mg/L could significantly 
reduce the lifespan (Fig.  2.2) [86]. Additionally, prolonged exposure to the 
ractopamine at the concentration of 10 mg/L could more severely inhibit the lifespan 
than that from the clenbuterol (Fig. 2.2) [86].

To determine the underlying molecular mechanism for the ractopamine to reduce 
the lifespan, the expression patterns of genes encoding the insulin signaling pathway 
were examined in the ractopamine-exposed nematodes. After prolonged exposure, 
ractopamine (10 mg/L) could significantly decrease the transcriptional expressions 
of daf-16, skn-1, and aak-2 and increase the transcriptional expressions of daf-2 and 
age-1 [86], which implies that prolonged exposure to the ractopamine (10 mg/L) 
may reduce the lifespan by altering the molecular basis for insulin signaling pathway 
in nematodes.

To further confirm the functions of the dysregulated genes in the insulin signal-
ing pathway in the regulation of ractopamine toxicity, the lifespans of some corre-
sponding mutants exposed to the ractopamine were examined. It was found that the 

Fig. 2.2 Comparison of lifespan in nematodes exposed to clenbuterol or ractopamine [86]. (a, c) 
Lifespan curves of nematodes exposed to clenbuterol or ractopamine. (b, d) Comparison of mean 
lifespans in nematodes exposed to clenbuterol or ractopamine. Exposures were performed from the 
young adult for 24 h (acute exposure) or from L1-larvae to adult (prolonged exposure). Thirty 
nematodes were examined per treatment. Bars represent mean ± S.E.M. *P < 0.05, **P < 0.01

2.3 Environmental Toxicants or Stresses Reduce Lifespan by Affecting the Molecular…
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daf-16(mu86) mutant nematodes showed the susceptibility to the toxicity of racto-
pamine (Fig. 2.3) [86]. In contrast, the daf-2(e1370) or the age-1(hx546) mutants 
showed the resistance to the toxicity of ractopamine (Fig. 2.3) [86]. These results 
further confirm the involvement of the insulin signaling pathway in the regulation of 
ractopamine toxicity in nematodes.

2.3.2  Environmental Toxicants or Stresses Reduce Lifespan 
by Affecting the Mitochondrial Respiration Signaling 
Pathway

Graphene oxide (GO), one of the derivatives of graphene, can be potentially applied 
in different areas, including drug, gene carrier, and bioimaging [87–89]. In 
nematodes, GO exposure could cause the toxicity on the functions of both primary 
targets organs (such as the intestine) and secondary targeted organs (such as the 
neurons and reproductive organs) [90–92]. After prolonged exposure from L1-larvae 
to adult day 1, it was further observed that GO at concentrations of 10–100 mg/L 
could significantly reduce the lifespan, although GO at concentrations of 0.1–1 mg/L 
did not significantly affect the lifespan (Fig. 2.4) [93]. Moreover, the aging-related 
properties were also affected by GO exposure in nematodes. After prolonged 
exposure, GO (1–100 mg/L) obviously resulted in the intestinal autofluorescence 
caused by lysosomal deposits of lipofuscin and the intestinal ROS production, 
although GO (0.1  mg/L) still could not induce the noticeable intestinal 
autofluorescence and intestinal ROS production (Fig. 2.4) [93]. Additionally, from 
adult day 4 to adult day 12, prolonged exposure to of GO (10  mg/L) could 
significantly decrease both the head thrash and the body bend (Fig.  2.4) [93]. 
Therefore, prolonged exposure to GO can not only reduce the lifespan but also alter 
the aging-related properties in nematodes.

Fig. 2.3 Lifespans in wild type and mutants exposed to ractopamine [86]. Exposures were per-
formed from L1-larvae to adult (prolonged exposure) at the concentration of 10  mg/L.  Thirty 
nematodes were examined per treatment. rac, ractopamine. Bars represent mean ± S.E.M. 
**P < 0.01
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To understand the molecular basis for the observed GO toxicity, the expression 
patterns of genes required for the control of oxidative stress were examined. After 
prolonged exposure, GO (100 mg/L) caused the significant decrease in transcriptional 
expression of gas-1 and the significant increase in transcriptional expressions of 
isp-1 and clk-1 [94]. isp-1 encodes a “Rieske” iron–sulfur protein, gas-1 encodes a 
subunit of mitochondrial complex I, and clk-1 encodes a ubiquinone biosynthesis 
protein COQ7. In C. elegans, the gas-1(fc21) mutant has a shortened lifespan [65], 
whereas mutations of isp-1 or clk-1 could increase the longevity [62, 63, 74]. 

Fig. 2.4 Toxicity assessment of GO [93]. (a) Effects of GO exposure on lifespan. (b) Comparison 
of mean lifespans. Forty nematodes were examined per treatment. (c) Effects of GO exposure on 
intestinal autofluorescence. Forty nematodes were examined per treatment. (d) Effects of GO 
exposure on intestinal ROS production. Fifty nematodes were examined per treatment. (e–f) 
Effects of GO exposure on locomotion behavior as indicated by endpoints of head thrash and body 
bend. Thirty nematodes were examined per treatment. Bars represent mean ± S.E.M. **P < 0.01

2.3 Environmental Toxicants or Stresses Reduce Lifespan by Affecting the Molecular…
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Therefore, these results suggest that prolonged exposure to GO may reduce the 
lifespan by at least partially modulating the function of mitochondrial respiration 
signaling pathway in nematodes.

2.3.3  Environmental Toxicants or Stresses Reduce Lifespan 
by Affecting Certain MicroRNAs-Mediated Molecular 
Signals

With the aid of SOLiD sequencing, the GO-induced miRNA profiling was exam-
ined in nematodes. Total 23 upregulated and 8 downregulated miRNAs were identi-
fied in GO-exposed nematodes [93]. The upregulated miRNAs were mir-259, 
mir-1820, mir-36, mir-82, mir-239, mir-246, mir-247, mir-392, mir-4806, mir-2217, 
mir-360, mir-4810, mir-4807, mir-1822, mir-4805, mir-800, mir-1830, mir-236, 
mir-244, mir-235, mir-4937, mir-4812, and mir-43, and the downregulated miRNAs 
were mir-1834, mir-800, mir-231, mir-5546, mir-42, mir-2214, mir-2210, and mir 
73 [93]. With the aid of TargetScan database, the possible targeted genes for the 
dysregulated miRNAs by GO exposure we further predicted [93].

To further determine the role of dysregulated miRNAs in the regulation of GO 
toxicity, the available mutants for the identified dysregulated miRNAs were 
employed to further determine their role in regulating the lifespan in GO-exposed 
nematodes. After prolonged exposure, it was found that GO exposed mir-244 or 
mir-235 mutants showed the significantly decreased lifespan compared with that in 
GO exposed wild-type N2 (Fig. 2.5) [93]. In contrast, GO exposed mir-247/797, 
mir-73/74, or mir-231 mutants exhibited the significantly increased lifespan 
compared with that in GO exposed wild-type N2 (Fig. 2.5) [93]. The GO exposed 
other miRNA mutants had the similar lifespan to that in GO exposed wild-type N2 
(Fig. 2.5) [93]. These results suggest that only a limited number of miRNAs are 
involved in the control of GO toxicity in reducing the lifespan in nematodes.

Meanwhile, it has been shown that mutations of some miRNAs could also alter 
the aging-related properties in GO-exposed nematodes. GO-exposed mir-244 or 
mir-235 mutants showed the significantly increased induction of intestinal 
autofluorescence and intestinal ROS production compared with that in GO-exposed 
wild-type N2; however, GO-exposed mir-247/797, mir-73/74, or mir-231 mutants 
exhibited the significantly decreased intestinal autofluorescence and intestinal ROS 
production compared with that in GO-exposed wild-type N2 (Fig.  2.6) [93]. 
Additionally, GO-exposed mir-244 or mir-235 mutants showed the significantly 
decreased locomotion behavior compared with that in GO-exposed wild-type N2, 
whereas GO-exposed mir-247/797, mir-73/74, or mir-231 mutants had the 
significantly increased locomotion behavior compared with that in GO-exposed 
wild-type N2 (Fig. 2.6) [93].

2 Molecular Basis for Reduced Lifespan Induced by Environmental Toxicants…
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To understand the underlying molecular mechanism for the candidate miRNAs 
in the regulation of GO toxicity in reducing lifespan, their corresponding targeted 
genes with function involved in the control of longevity were searched. In nema-
todes, daf-16, daf-18, pdk-1, akt-2, sgk-1, smk-1, hcf-1, aak-2, unc-51, daf-15, raga-
1, rheb-1, pha-4, daf-9, daf-12, and kri-1 were possible targeted genes for 
dysregulated miRNAs in GO-exposed nematodes [93], and meanwhile these genes 
are involved in the molecular control of longevity [30].

Moreover, based on the quantitative analysis, it was found that the expression 
patterns of daf-16, daf-18, pdk-1, sgk-1, smk-1, daf-15, and kri-1 could be 
significantly altered in nematodes exposed to GO (10 mg/L) (Fig. 2.7) [93]. After 
GO (10  mg/L) exposure, transcriptional expressions of pdk-1 and daf-15 were 
significantly increased; however, transcriptional expressions of daf-16, daf-18, sgk- 
1, smk-1, and kri-1 were significantly decreased (Fig. 2.7) [93]. In C. elegans, daf- 
16, daf-18, pdk-1, and sgk-1 encode the insulin/IGF signaling pathway, smk-1 
encodes a DAF-16 transcriptional coregulator, daf-15 encodes a component of TOR 
signaling pathway, and kri-1 encodes a component of germline signaling pathway 
[30]. Therefore, a hypothesis was raised that the GO may reduce the lifespan through 
influencing the functions of insulin/IGF signaling, TOR signaling, and germline 
signaling pathways controlled by a limited number of miRNAs in nematodes.

Fig. 2.5 Lifespan of mutants for some dysregulated miRNAs exposed to GO [93]. (a) Lifespan of 
wild-type, mir-244, and mir-235 mutants exposed to GO. (b) Lifespan of wild-type, mir-247/797, 
mir-73/74, and mir-231 mutants exposed to GO. (c) Lifespan of wild-type, mir-360, mir-81/82, 
mir-246, and mir-259 mutants exposed to GO. Forty nematodes were examined per treatment. 
Exposure concentration was 10 mg/L. Bars represent mean ± S.E.M. **P < 0.01
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2.4  Innate Immune Response Is Involved in the Regulation 
of Longevity Reduction in Nematodes Exposed 
to Environmental Toxicants or Stresses

In nematodes, the effects of chronic exposure to GO on different aspects have also 
been examined. Chronic exposure to GO (1 mg/L) from L1-larvae to adult day 8 
induced the death of nematodes (Fig. 2.8) [95], implying the formation of lifespan 
reduction in GO-exposed nematodes. Moreover, although exposure to GO at the 
concentration of 0.001 mg/L from L1-larvae to adult day 8 could not affect the func-
tions of both primary and secondary targeted organs, exposure to GO at concentra-
tions of 0.01–1  mg/L from L1-larvae to adult day 8 significantly decreased the 
locomotion behavior and induced both the intestinal autofluorescence and the 

Fig. 2.6 Aging-related properties in mutants for some dysregulated miRNAs exposed to GO [93]. 
(a) Intestinal autofluorescence at day 10 in wild type and mutants of some dysregulated miRNAs 
exposed to GO. Fifty nematodes were examined per treatment. (b) Intestinal ROS productions at 
day 10 in wild type and mutants of some dysregulated miRNAs exposed to GO. Fifty nematodes 
were examined per treatment. (c) Locomotion behaviors in wild type and mutants of some 
dysregulated miRNAs exposed to GO. Thirty nematodes were examined per treatment. Exposure 
concentration was 10 mg/L. Bars represent mean ± S.E.M. **P < 0.01
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intestinal ROS production (Fig. 2.8) [95]. These results also suggest that exposure 
to GO from L1-larvae to adult day 8 may potentially result in the more severe toxic-
ity on the functions of both primary and secondary targeted organs than exposure to 
GO from adult day 1 to adult day 8 in nematodes [95].

In C. elegans, the animals can survive with E. coli OP50 as their food source. 
With an increase of GO exposure duration, a severe accumulation of OP50 in the 
intestine was observed in nematodes at least after adult day 4 (Fig. 2.9) [95], sug-
gesting that chronic GO exposure can induce the OP50 proliferation in the intestine 
of nematodes. In contrast, in day 8 adults, only a moderate accumulation of OP50 
could be observed in control nematodes (Fig.  2.9) [95]. Moreover, in the day 8 
adults, an obvious colocalization of GO with OP50 was observed in GO-exposed 
nematodes (Fig. 2.9) [95]. In the day 6 adults, this colocalization of GO with OP50 
was mainly observed in the anterior region of the intestine, and the accumulation of 
both GO and OP50 in the tail region was seldom observed (Fig. 2.9) [95]. In the day 
8 adults, this colocalization of GO with OP50 could be further formed at both the 
anterior region and the posterior region (Fig.  2.9) [95]. Especially, in the day 8 
adults, this colocalization of GO with OP50 could be observed at the region of the 
defecation structure in the tail (Fig. 2.9) [95], implying the possible disrupted def-
ecation behavior in nematodes.

In C. elegans, innate immune response serves as the first line of defense for ani-
mals against the infection from pathogens, including the pathogenic microbial food 
OP50 [96]. To further understand the results from the severe accumulation of 

Fig. 2.7 Expression of 
possible targeted genes for 
dysregulated miRNAs in 
GO-exposed nematodes 
[93]. (a) Expression 
patterns of targeted genes 
for dysregulated miRNAs 
in GO-exposed nematodes. 
Exposure concentration 
was 10 mg/L. Bars 
represent means ± S.E.M. 
**P < 0.01. (b) Model for 
miRNAs in regulating the 
GO-induced lifespan 
reduction in nematodes. 
miRNAs could regulate the 
GO-induced lifespan 
reduction through 
influencing the insulin/
insulin-like growth factor 
(IGF), target of rapamycin 
(TOR), and germline 
signaling pathways in 
nematodes
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Fig. 2.8 Chronic toxicity assessment of GO using two different assay systems [95]. (a) Diagram 
of two assay systems for chronic GO exposure. (b) Effects of chronic GO exposure on survival of 
nematodes at the stage of adult day 8. (c) Effects of chronic GO exposure on head thrash. (d) 
Effects of GO chronic exposure on body bend. (e) Effects of chronic GO exposure on intestinal 
autofluorescence. (f) Effects of chronic GO exposure on intestinal ROS production. GO exposure 
was performed from L1-larvae to adult day 8 or from adult day 1 to adult day 8. Bars represent 
means ± S.E.M. *p < 0.05, **p < 0.01
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Fig. 2.9 Chronic GO exposure altered the immune response in nematodes [95]. (a) Chronic expo-
sure to GO (1 mg/L) induced the accumulation of OP50 in the intestine. (b) Effects of UV-treated 
OP50 feeding or PEG surface modification on OP50 accumulation in GO (1 mg/L)-exposed nema-
todes. (c) Effects of UV-treated OP50 feeding or PEG surface modification on GO distribution and 
OP50 accumulation in the intestine of nematodes exposed to GO (1 mg/L). (d) Colocalization of 
GO with OP50 in GO (1 mg/L)-exposed nematodes at adult day 6 or day 8. (e) Quantitative real-
time polymerase chain reaction assay showing effects of UV-treated OP50 feeding or PEG surface 
modification on expression patterns of genes encoding antimicrobial peptides in GO 
(1 mg/L)-exposed nematodes at adult day 8. (f) Quantitative real-time polymerase chain reaction 
assay showing effects of UV-killed OP50 feeding or PEG surface modification on expression pat-
terns of genes encoding the p38 MAPK signaling pathway in GO (1 mg/L)-exposed nematodes at 
adult day 8. GO exposure at a concentration of 1 mg/L was performed from L1-larvae to adult day 
8. Bars represent means ± S.E.M. **p < 0.01
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OP50 in the intestine, the possible involvement of innate immunity in the control of 
chronic GO toxicity was further analyzed. In nematodes, F08G5.6, pqm-1, 
K11D12.5, asp-3, prx-11, spp-1, lys-7, lys-2, abf-2, acdh-1, and lys-8 encode 
antimicrobial proteins [97, 98]. Chronic GO exposure could induce a significant 
decrease in the transcriptional expressions of F08G5.6, pqm-1, K11D12.5, prx-11, 
spp-1, lys-7, lys-2, abf-2, acdh-1, and lys-8 (Fig. 2.9) [95]. nlp-29 encodes another 
antimicrobial peptide in nematodes. The expression of Pnlp-29::GFP also exhibited 
a similar pattern in the transgenic nematodes after chronic exposure to GO [95].

In C. elegans, p38 MAP kinase (MAPK) pathway is one of the key signaling 
pathways required for the control of innate immune response to pathogen infection 
[97, 98]. It was further observed that chronic exposure to GO could significantly 
decrease the transcriptional expressions of nsy-1, sek-1, pmk-1, and mek-1 and 
increase the transcriptional expression of vhp-1 in the p38 MAPK signaling pathway 
(Fig. 2.9) [95]. Together, the innate immune response may be suppressed by chronic 
exposure to GO through inducing the severe accumulation of OP50 in the intestine 
of nematodes. That is, the suppression in certain protective response(s) may 
contribute greatly to the lifespan reduction in nematodes exposed to environmental 
toxicants or stresses.

2.5  Genetic Identification of Genes and Signaling Cascade 
in the Regulation of Toxicity on Lifespan 
by Environmental Toxicants or Stresses

Ultraviolet (UV) light is a ubiquitous environmental stress with the potential induc-
tion of DNA damage and deleterious somatic mutations by inducing pyrimidine 
dimmers [99, 100]. UV irradiation also potentially caused the alterations in various 
cellular components through formation of free radicals [99, 100].

In C. elegans, the Age mutants were employed to test their possible involvement 
in the control of resistance to UV light (Uvr). It has been shown that the age-l 
(hx546) survived significantly longer than wild type after UV irradiation (Fig. 2.10) 
[101]. The mean lifespan of the other possible allele, age-l(hx542), was also longer 
than wild type after UV irradiation (Fig.  2.10) [101]. Meanwhile, all other Age 
mutants, daf-2, daf-23, daf-28, spe-26, and clk-1, were also UV resistant (Fig. 2.10) 
[101]. In contract, in the TGF-β signaling pathway, the daf-7 mutant was 
indistinguishable from wild type for UV resistance, and daf-4 mutant was more 
sensitive than wild type [101].

Some evidence was further raised to prove the role of daf-16 mutation in sup-
pressing the resistance of Age mutant to UV irradiation. The increased UV resis-
tance of all the recessive mutants (age-1, daf-2, daf-23, spe-26, and clk-1) was 
obviously suppressed by daf-16 mutation (Fig. 2.11) [101]. Based on the observation 
above, a genetic pathway model for Age genes in the regulation of the resistance to 
UV irradiation and the dauer formation was provided in Fig. 2.12.
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Fig. 2.10 Increased UV resistance of Age mutants in one experiment after UV irradiation [101]. 
Survival of the Age strains was significantly longer than wild type, N2 (p < 0.0001). The Uvr of the 
non-Age mutant, ck-l(qm30), was not increased. (a) Survival of age-l(hx546), ck-l(e2519), and 
clk-l(qm30). (b) Survival of age-I(hx546), daf2(e1370), and daf28(sa191). (c) Survival of 
daf23(m333) and daf23(mg44). (d) Survival of age-l(hx546) and the hc138 and it118 alleles of 
spe-26

Fig. 2.11 Mean lifespan of various mutants and combination [101]. Daf-16 mutants represses UV 
resistance and life extension
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2.6  Environmental Toxicants or Stresses Reduce Lifespan 
by Affecting Signaling Pathways Associated 
with the Stress Response

In nematodes, p38 MAPK signaling pathway is at least required for the control of 
pathogen response and stress response [102, 103]. In the p38 MAPK signaling path-
way, the core signaling pathway contains components of pmk-1 encoded MAPK, 
sek-1 encoded MAPK kinase (MAPKK), and nsy-1 encoded MAPK kinase kinase 
(MAPKKK). We here selected the p38 MAPK signaling pathway to explain the 
important role of signaling pathways associated with the stress response in the regu-
lation of toxicity from certain environmental toxicants or stresses in reducing the 
lifespan in nematodes.

In nematodes, after prolonged exposure, GO (100  mg/L) could significantly 
increase the transcriptional expression of pmk-1, sek-1, and nsy-1 (Fig. 2.13) [104]. 
PMK-1/MAPK is predominantly expressed in the intestine. Moreover, exposure to 
GO (100  mg/L) could significantly increase the PMK-1::GFP expression in the 
intestine and the percentage of PMK-1::GFP nucleus localization in intestinal cells 
(Fig. 2.13) [104]. Activation of the p38 MAPK signaling pathway requires the phos-
phorylation of p38 MAPK/PMK-1. Exposure to GO (100 mg/L) obviously increased 
the expression of phosphorylated PMK-1 compared with control (Fig. 2.13) [104].

Fig. 2.12 A genetic pathway model for Age genes in the regulation of resistance to UV irradiation 
[101]. (a) A partial genetic pathway for dauer formation. (b) A genetic pathway for the resistance 
to UV irradiation
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More importantly, it has been recently observed that chronic exposure to GO 
(10 mg/L) from L1-larvae to adult day 8 could further significantly decrease the 
transcriptional expression of pmk-1, sek-1, and nsy-1 (Shao and Wang, unpublished 
data). Therefore, GO exposure can potentially dysregulate the expression of p38 
MAPK signaling pathway in nematodes.

To confirm the function of genes encoding the core p38 MAPK signaling path-
way in the regulation of GO toxicity, the GO toxicity in mutants for genes encoding 
the core p38 MAPK signaling pathway was investigated. pmk-1(km25), sek-1(ag1), 
and nsy-1(ag3) mutants have the normal lifespan (Fig. 2.14) [104]. It was observed 
that, after prolonged exposure, GO (100 mg/L) exposure induced the more reduced 

Fig. 2.13 Effects of GO exposure on expression pattern of genes encoding p38 MAPK signaling 
pathway in wild-type nematodes [104]. (a) GO exposure altered the transcriptional expression of 
genes encoding p38 MAPK signaling pathway. (b) GO exposure affected PMK-1::GFP expression 
in the intestine. int, intestine. Arrowhead indicates the localization of PMK-1::GFP in nucleus of 
intestinal cells. (c) Comparison of relative fluorescence intensity of PMK-1::GFP in the intestine. 
(d) GO exposure influenced nucleus translocation of PMK-1::GFP. (e) Western blotting analysis of 
the effect of GO exposure on expression level of phosphorylated PMK-1. Actin protein was used 
as the loading control. Prolonged exposure was performed from L1-larvae to young adults. Bars 
represent means ± SEM. **p < 0.01 vs control
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lifespan in pmk-1(km25), sek-1(ag1), or nsy-1(ag3) mutant than that in wild-type 
N2 nematodes (Fig. 2.14) [104]. Similarly, GO exposure at the concentration of 1 or 
100 mg/L also resulted in the more decreased locomotion behavior in pmk-1(km25), 
sek-1(ag1), or nsy-1(ag3) mutant than that in wild-type N2 nematodes (Fig. 2.14) 
[104]. Additionally, GO (100  mg/L) exposure also induced a more significant 
induction of intestinal ROS production in pmk-1(km25), sek-1(ag1), or nsy-1(ag3) 
mutant than that in wild-type N2 nematodes (Fig. 2.14) [104]. Therefore, mutations 
of genes encoding core p38 MAPK signaling pathway may induce a susceptibility 
to GO toxicity, including the lifespan reduction.

As indicated above, prolonged exposure to GO (100 mg/L) could significantly 
increase the expression of isp-1 and decrease the expression of gas-1 in nematodes 
[94]. Moreover, after GO (100 mg/L) exposure, it was found that mutation of pmk-1, 

Fig. 2.14 Toxicity assessment of GO exposure on mutants of genes encoding p38 MAPK signal-
ing pathway [104]. (a) Toxicity assessment of GO exposure on lifespan of mutants of genes encod-
ing p38 MAPK signaling pathway. (b) Toxicity assessment of GO exposure on locomotion 
behavior of mutants of genes encoding p38 MAPK signaling pathway. Locomotion behavior was 
assessed by the endpoints of head thrash and body bend. (c) Toxicity assessment of GO exposure 
in inducing ROS production in mutants of genes encoding p38 MAPK signaling pathway. 
Prolonged exposure was performed from L1-larvae to young adults. GO exposure concentration 
was 100 mg/L. Bars represent means ± SEM. **p < 0.01 vs wild type
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sek-1, or nsy-1 could more severely increase the expression of isp-1 and decrease 
the expression of gas-1 compared with those in wild-type nematodes [104]. These 
results imply that certain environmental toxicants or stresses may reduce the lifespan 
by affecting signaling pathways associated with stress response to dysregulate the 
mitochondrial respiration signaling.

2.7  Perspectives

In this chapter, we focused on the toxicity assessment endpoint of lifespan to dis-
cuss the potential basic principle for the toxicity induction on different endpoints in 
nematodes exposed to certain environmental toxicants or stresses. One of the 
important principles is that exposure to the environmental toxicants or stresses can 
reduce the lifespan by altering molecular basis for longevity. Another important 
principle is that exposure to the environmental toxicants or stresses may reduce the 
lifespan by suppressing protective response(s), such as the innate immune response. 
Besides these, exposure to the environmental toxicants or stresses can also reduce 
the lifespan by affecting signaling pathways associated with the stress response, 
such as the p38 MAPK signaling pathway, which can further dysregulate at least the 
mitochondrial respiration signaling. Nevertheless, with the concern on different 
toxicity assessment endpoints, the detailed principles may be somewhat or very 
different. Thus, more efforts are still needed to elucidate the detailed underlying 
molecular mechanisms for toxicity on other aspects in nematodes.
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