
Dayong Wang

Molecular 
Toxicology in 
Caenorhabditis 
elegans



Molecular Toxicology in Caenorhabditis elegans



Dayong Wang

Molecular Toxicology  
in Caenorhabditis elegans



ISBN 978-981-13-3632-4    ISBN 978-981-13-3633-1 (eBook)
https://doi.org/10.1007/978-981-13-3633-1

Library of Congress Control Number: 2018966331

© Springer Nature Singapore Pte Ltd. 2019
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, 
Singapore

Dayong Wang
School of Medicine
Southeast University
Nanjing, China

https://doi.org/10.1007/978-981-13-3633-1


v

Preface

Model animal Caenorhabditis elegans has been successfully used in toxicological 
study of various environmental toxicants or stresses. The basic knowledge system 
on model organism toxicology has been gradually established in C. elegans. With 
engineered nanomaterials as typical environmental toxicants, this has been described 
in the published book Nanotoxicology in Caenorhabditis elegans. In C. elegans, 
besides the cellular and developmental processes, the molecular events and the 
related signaling pathways are conserved to a great degree with those in mammals 
and in human beings. More importantly, C. elegans has been proven to be very sen-
sitive to environmental exposures and can be employed to assess the potential toxic-
ity of environmental toxicants at environmentally relevant concentrations. As a 
classic model animal, C. elegans has the well-described genetic and developmental 
backgrounds and the rich and available genetic resources based on the past half of 
century study. These backgrounds provide the strong basis for our establishing the 
knowledge system of molecular toxicology in nematodes. During the past 20 years, 
a large amount of data on the molecular toxicology has been obtained in C. 
elegans.

C. elegans is a tiny model animal. With the aid of a series of sensitive sublethal 
endpoints, it has the potential for understanding the response to environmental toxi-
cants or stresses or the toxicity induction by environmental toxicants or stresses at 
the whole animal level. Therefore, the introduced knowledge system on the molecu-
lar toxicology in this book has been mainly organized at the whole animal level in 
nematodes.

In this book, we have raised three important concerns. The first concern is the 
definition and the association between molecular basis for toxicity in environmental 
toxicant- or stress-exposed nematodes and the molecular basis for transgenerational 
toxicity of environmental toxicants and stresses. The second concern is the defini-
tion and the association between protective molecular response to environmental 
toxicants and stresses and molecular basis for toxicity induction of environmental 
toxicants or stresses. The third concern is the definition and the association between 
molecular signals and epigenetic signals required for the regulation of toxicity of 
environmental toxicants or stresses.
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Based on these concerns, in Chaps. 1 and 2, we first introduced the molecular 
basis for oxidative stress and reduced lifespan caused by environmental toxicants or 
stresses. In Chaps. 3, 4, 5, 6, 7 and 8, we introduced some important signaling path-
ways (oxidative stress-related, MAPKs, insulin and the related, development- 
related, cell death and DNA damage-related, and metabolism-related) involved in 
the regulation of toxicity of environmental toxicants or stresses. In Chaps. 9, 10, 11 
and 12, we introduced the important roles of protective response signals, G-protein- 
coupled receptors and ion channels and downstream cytoplasmic signals, specific 
molecular signals, and epigenetic regulation signals in regulating the toxicity of 
environmental toxicants or stresses. In Chap. 13, we introduced and discussed the 
values and the limitations of normally used strategies to screen and to identify new 
genetic loci involved in the regulation of toxicity of environmental toxicants or 
stresses. Finally, in Chaps. 14 and 15, we introduced the molecular basis for adap-
tive response and transgenerational toxicity induced by environmental toxicants or 
stresses.

Nanjing, China Dayong Wang 
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Chapter 1
Molecular Basis for Oxidative Stress 
Induced by Environmental Toxicants 
in Nematodes

Abstract Oxidative stress plays an important role in the toxicity induction of envi-
ronmental toxicants or stresses in nematodes. Usually, this is the first cellular mech-
anism needed to be clarified for the toxicity formation of certain environmental 
toxicants or stresses. We here systematically introduced both the molecular 
machinery for the activation of oxidative stress and the response signals with the 
functions to defend against the oxidative stress in nematodes. Moreover, we 
explained the molecular basis for the induction of oxidative stress in nematodes 
exposed to environmental toxicants.

Keywords Molecular basis · Oxidative stress · Environmental toxicant · 
Caenorhabditis elegans

1.1  Introduction

Oxidative stress is normally considered to play a pivotal role in the toxicity induc-
tion of environmental toxicants or stresses in organisms, including the nematodes. 
That is, induction of oxidative stress acts as an important cellular mechanism for the 
toxicity formation of environmental toxicants or stresses in nematodes. Usually, the 
first cellular mechanism for the toxicity formation of certain environmental toxicants 
or stresses needed to be clarified is to determine the association between the toxicity 
formation of examined environmental toxicant or stress and the induction of 
oxidative stress.

With the concern on the important role of oxidative stress in toxicity induction of 
environmental toxicants or stresses, we here first introduced the evidence for the 
direct association of oxidative stress with toxicity of environmental toxicants in 
nematodes. Moreover, we systematically introduced both the molecular machinery 
for the activation of oxidative stress and the response signals with the functions to 
defend against the oxidative stress in nematodes. Finally, we introduced and 
explained the molecular basis for induction of oxidative stress in nematodes exposed 
to environmental toxicants.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3633-1_1&domain=pdf
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1.2  Evidence for the Direct Association of Oxidative Stress 
with Toxicity of Environmental Toxicants

1.2.1  Induction of Oxidative Stress in Targeted Organs 
of Environmental Toxicants

With the heavy metal of Hg as an example of environmental toxicants, the toxic 
effects of Hg exposure on development of male nematodes were examined. Acute 
exposure to Hg (from L3 larvae for 24 h) at the concentration of 0.5  mg/L 
significantly reduced the number of rays formed surrounding the tail [1]. Acute 
exposure to Hg at the concentration of 9.8  mg/L further severely decreased the 
number of rays [1]. Moreover, acute exposure to Hg at the concentration of 19.3 or 
29.5 mg/L severely reduced both the number of rays and the size of fan in male 
nematodes [1]. In nematodes exposed to Hg at the concentration of 39.7 mg/L, no 
rays and no obvious fan could be observed in male nematodes [1]. Meanwhile, the 
obvious induction of reactive oxygen species (ROS) production was detected in the 
fans of tails in male nematodes after exposure to Hg at concentrations more than 
0.5 mg/L (Fig. 1.1) [1]. The strong induction of ROS production was also observed 
in the intestine of male nematodes exposed to Hg at concentrations more than 
0.5 mg/L (Fig. 1.1) [1]. These results imply the close correlation of induction of 
ROS production in the fans of tails with the formation of abnormal male-specific 
structures in nematodes after Hg exposure.

Fig. 1.1 ROS production in male nematodes exposed to Hg [1]. (a) ROS production in tails of 
male nematodes exposed to Hg at different concentrations. Bars represent means ± SEM. **P < 0.01 
vs 0 mg/L. (b) Representative images of ROS production. Asterisks indicate the position of male 
tails

1 Molecular Basis for Oxidative Stress Induced by Environmental Toxicants…
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1.2.2  Pharmacological Evidence for the Association 
of Oxidative Stress and Toxicity Formation 
of Environmental Toxicants

Antioxidant administration is a powerful strategy used for decreasing the free radi-
cal-induced oxidative damage. To confirm the direct association between the induc-
tion of oxidative stress and the toxicity of Hg exposure on the development of 
male-specific structures, the male nematodes were pretreated with vitamin E 
(200 mg/mL), a potent antioxidant, for 24 h at the L2-larval stage. After that, the 
male nematodes were exposed to Hg (9.8 mg/L) for 24 h at the L3-larval stage. 
Vitamin E treatment alone cannot induce the obvious ROS production in male tails 
[1]. Pretreatment with the vitamin E could obviously prevent the induction of severe 
ROS production in fans in tails of nematodes exposed to Hg (9.8 mg/L) (Fig. 1.2) 
[1]. Meanwhile, pretreatment with the vitamin E could obviously prevent the 
formation of high percentage of abnormal males and severe deficit in male-specific 
structures in tails in nematodes exposed to Hg (9.8  mg/L) (Fig.  1.2) [1]. This 
pharmacological data provides an important evidence for the direct association 
between the induction of oxidative stress and the Hg toxicity on development of 
male-specific structures in nematodes.

1.2.3  Association of Induction of Oxidative Stress in Intestine 
and Toxicity Formation in Other Targeted Organs

Besides the direct induction of oxidative stress in the targeted organs, another pos-
sibility also exists. That is, a close association of induction of oxidative stress in the 
intestine and toxicity formation in other targeted organs may be formed in nema-
todes. With multiwalled carbon nanotubes (MWCNTs), carbon-based engineered 
nanomaterials (ENMs), as an example, prolonged exposure (from L1-larvae to adult 
day 1) to MWCNTs at concentrations more than 0.1 μg/L could induce the signifi-
cant intestinal ROS production (Fig. 1.3) [2]. Meanwhile, prolonged exposure to 
MWCNTs at concentrations more than 0.1 μg/L also significantly reduced the brood 
size (Fig. 1.3) [2]. Nevertheless, we did not detect the obvious induction of ROS 
production in reproductive organs of nematodes [2]. In nematodes, the reproductive 
organs such as spermatheca are the important secondary targeted organs for 
MWCNTs (Fig. 1.3) [2]. Therefore, the induction of oxidative stress in the intestine 
may potentially further contribute to the toxicity formation of environmental toxi-
cants in other targeted organs in nematodes.

1.2 Evidence for the Direct Association of Oxidative Stress with Toxicity…
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Fig. 1.2 Effects of vitamin E pretreatment on the development of male-specific structures in nem-
atodes exposed to Hg [1]. (a) Effects of vitamin E pretreatment on the formation of abnormal 
males induced by Hg exposure. (b) Effects of vitamin E pretreatment on the development of male- 
specific structures induced by Hg exposure. (c) Representative images of ROS production. 
Asterisks indicate the position of male tails. (d) Effects of vitamin E pretreatment on the ROS 
production induced by Hg exposure. Bars represent means ± SEM. **P < 0.01

1 Molecular Basis for Oxidative Stress Induced by Environmental Toxicants…
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1.3  Molecular Machinery for the Activation of Oxidative 
Stress in Nematodes

The superoxide anion (O˙2) can generate several types of toxic ROS, which will 
further lead to the toxic effects on nematodes at different aspects. In organisms, the 
major source of superoxide anion is the electron transport in mitochondrion. 
Electron transport is normally mediated by five complexes (complexes I–V) 
embedded in the inner membrane of the mitochondrion.

1.3.1  Role of GAS-1 in the Activation of Oxidative Stress

In nematodes, gas-1 encodes a subunit of mitochondrial complex I. Mutation of 
gas-1 did not affect the physical structure in mitochondria [3]. In contrast, mutation 
of gas-1 decreased the complex I-dependent mitochondrial metabolism as indicated 
in alterations in the rates of both oxidative phosphorylation and electron transport 
[3]. The rates of oxidative phosphorylation were significantly decreased in gas-1 
mutant nematodes [4]. The gas-1 mutant shows the hypersensitive property to 
oxygen and shortened lifespan [4].

Fig. 1.3 Toxicity of MWCNTs on nematodes after prolonged exposure [2]. (a) Toxicity of 
MWCNT exposure in inducing intestinal ROS production. (b) Toxicity of MWCNT exposure in 
reducing brood size. (c) Distribution and translocation of MWCNTs labeled with Rho 
B. Arrowheads indicate the pharynx and the spermatheca, respectively, at the head region or mid- 
region of nematodes. The intestine (*) and the embryos (**) in the mid-region are also indicated. 
Prolonged exposure was performed from L1-larvae to adult day 1. Bars represent mean ± SEM. 
**P < 0.01 vs control

1.3 Molecular Machinery for the Activation of Oxidative Stress in Nematodes
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In gas-1 mutant nematodes, the significantly elevation in mitochondrial matrix 
oxidant burden was detected, which may be closely associated with the limited 
superoxide scavenging capacity and the decreased mitochondria content, as well as 
the membrane potential [5].

In nematodes, gas-1 is mainly expressed in the mitochondria of neuromuscular 
system [3]. Importantly, it has been shown that GAS-1 can act at the presynaptic to 
regulate different biological processes [3].

In nematodes, nuo-6 encodes another subunit of mitochondrial NADH dehydro-
genase (ubiquinone) complex (complex I). However, mutation of nuo-6 decreased 
the electron transport and increased the longevity [6]. The generation of superoxide 
was elevated in nuo-6 mutant nematodes, although the overall ROS levels were not 
and the oxidative stress was low in nuo-6 mutant nematodes [6]. More importantly, 
it is considered that this elevation is required for the increase in longevity, since this 
could be abolished by the antioxidants and phenocopied by mild treatment with 
prooxidant paraquat [6]. The increased superoxide generation may act as a signal in 
young nuo-6 mutant to trigger the changes of gene expression so as to prevent or 
attenuate the effects of the subsequent aging [6]. That is, the superoxide generated 
in the nuo-6 mutant may act as a protective signal in response to the damage during 
the aging process.

1.3.2  Role of MEV-1 in the Activation of Oxidative Stress

Mitochondrial succinate–ubiquinone reductase (complex II) functions to catalyze 
the electron transport from succinate to ubiquinone. This complex II contains 
succinate dehydrogenase (SDH), flavin protein, iron–sulfur protein, and two other 
subunits containing cytochrome b560. In nematodes, mev-1 encodes an ortholog of 
succinate dehydrogenase cytochrome b560 subunit of the complex II that is required 
for the oxidative phosphorylation. SDH, the catalytic component of complex II, is 
normally anchored to the inner membrane of mitochondrion with the cytochrome 
b560. Nevertheless, the SDH activity in mev-1 mitochondrial fraction was identical 
to that of wild-type nematodes [7]. In contrast, the complex II activity in the mev-1 
membrane fraction was significantly reduced by more than 80% [7]. These results 
imply that mutation of mev-1 may affect neither the SDH anchoring to the 
mitochondrial membrane nor the SDH activity. The MEV-1 may potentially 
compromise the ability of complex II to participate in the electron transport. That is, 
cytochrome b560, the mev-1 gene product, can participate directly into the 
transporting electrons from SDH to CoQ. The cytochrome b560 has three membrane- 
spanning domains, and the substitution of glutamic acid for glycine could affect the 
ability of iron to accept and relinquish the electrons.

The ability of complex II to catalyze the electron transport from succinate to 
ubiquinone is compromised in mev-1 mutant nematodes, which may result in the 
indirect increase in the superoxide levels and the oxygen hypersensitivity, as well as 

1 Molecular Basis for Oxidative Stress Induced by Environmental Toxicants…
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the premature aging [8]. At least for the longevity control, the evidence was raised 
that the MEV-1 may govern the aging rate by modulating the cellular response to 
oxidative stress [8]. In mev-1 mutant nematodes, an overproduction of superoxide 
anion from the mitochondria and a reciprocal reduction in glutathione content were 
detected [8]. Although the superoxide anion is normally produced at complexes I 
and III in the electron transport system under normal conditions, the mutation of 
mev-1(kn1) could increase the superoxide anion production at the complex II itself 
(as indicated by an attendant decrease in glutathione levels) rather than at the 
complexes I and III [8]. Additionally, the mev-1 mutant nematodes had metabolic 
changes as indicated by the lactate level with twofold higher than that in wild-type 
nematodes [8]. In nematodes, the Cyt-1/ceSDHC may play an important role not 
only in the energy metabolism but also in the superoxide anion production.

1.3.3  Role of ISP-1 in the Activation of Oxidative Stress

In organisms, the mitochondrial complex III functions to catalyze the electron trans-
fer from ubiquinol to cytochrome c. The complex III contains three subunits, cyto-
chrome b, the iron–sulfur protein, and cytochrome c1, to catalyze the redox 
reactions. In nematodes, isp-1 encodes a “Rieske” iron–sulfur protein subunits of 
complex III of the mitochondrial respiratory chain. The prolines are important 
structurally to make the peptide backbone locally rigid, and isp-1(qm150) is a point 
mutation at residue 225 that changes the proline into a serine [9]. This mutation may 
affect the properties of the iron–sulfur center directly through a local distortion of 
the structure and the redox potential. The electron transfer from ubiquinol at its 
binding site on cytochrome b to cytochrome c1 is involved in the conformation of 
head of the ISP carrying the 2Fe-2S group [9].

In the isp-1 mutant nematodes, the decrease in electron transport, the reduction 
in oxygen consumption, and the resistance to oxidative stress were observed [6, 9]. 
In isp-1 mutant nematodes, the generation of superoxide was elevated [6]. The 
increased superoxide generation in isp-1 mutant nematodes was also abolished by 
the antioxidants and phenocopied by mild treatment with the prooxidant paraquat 
[6]. Moreover, an increased lifespan was detected in the isp-1 mutant nematodes 
[9]. Nevertheless, the effects of ISP-1 and DAF-2, an insulin receptor, on longevity 
were not additive in nematodes [9].

In nematodes, the elevated ROS levels in isp-1 mutant nematodes may induce an 
activation of multiple stress response pathways [10]. These pathways include those 
of mitochondrial unfolded protein response, SKN-1-mediated stress response, and 
hypoxia response [10]. Mutation of isp-1 could further increase the expression of 
specific antioxidant enzymes, such as the superoxide dismutase genes sod-3 and 
sod-5 [10]. Meanwhile, mutation of sod-3 or sod-5 decreased the lifespan and 
exacerbated the slow physiologic rates in isp-1 mutant nematodes [10].

1.3 Molecular Machinery for the Activation of Oxidative Stress in Nematodes
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1.3.4  Role of CLK-1 in the Activation of Oxidative Stress

1.3.4.1  Mitochondrial CLK-1

In nematodes, clk-1 encodes a ubiquinone (UQ) (coenzyme Q) biosynthesis protein 
COQ7. UQ is a lipophilic redox-active molecule and an electron carrier in the 
mitochondrial electron transport chain. Normally, the electron transfer via the UQ 
involves the formation of semi-ubiquinone radicals and the generation of superoxide 
radicals upon reaction with oxygen. In contrast, the UQ in the reduced form can 
serve as a lipid-soluble antioxidant to protect the cells from lipid peroxidation. In 
the clk-1 mutant nematodes, no detectable levels of UQ could be observed [11]. 
Meanwhile, the UQ biosynthesis intermediate, demethoxyubiquinone (DMQ9), 
was present at a high level in clk-1 mutant nematodes [11]. In the clk-1 mutant 
nematodes, the DMQ9 may act as an electron carrier in the respiratory chain, since 
the activities of NADH–cytochromec reductase and succinate–cytochromec 
reductase were similar to those in wild-type nematodes [11].

In the clk-1 mutant nematodes, the rates of oxidative phosphorylation were 
decreased; however, the lifespan was increased [12]. Moreover, it has been reported 
that mutation of sod-2 resulted in the increase in lifespan in clk-1 mutant nematodes; 
however, mutation of either of the two cytoplasmic sod genes, sod-1 or sod-5, 
decreased the lifespan of clk-1 mutant nematodes [12]. Additionally, the increase in 
mitochondrial superoxide levels by mutation of sod-2 or treatment with paraquat 
could still cause the increase in lifespan in clk-1; sod-1 double mutants [12]. These 
results imply that the elevated ROS in the mitochondria can act to increase lifespan, 
whereas the elevated ROS in the cytoplasm may decrease the lifespan of nematodes.

1.3.4.2  Nuclear CLK-1

Besides this, recently a distinct nuclear form of CLK-1 was further identified in 
nematodes. This nuclear CLK-1 may mediate a retrograde signaling pathway in 
response to the mitochondrial ROS by acting as a barometer of oxidative metabolism 
[13]. The nuclear CLK-1 can regulate both the mitochondrial ROS metabolism and 
the mitochondrial unfolded protein response by modulating the corresponding gene 
expression [13]. That is, the basal levels of ROS produced by the mitochondria may 
direct a pool of CLK-1 to the nucleus where it regulates the expression of genes 
associated with both the mitochondrial ROS metabolism and the mitochondrial 
unfolded protein response and lowers the ROS level [13]. The lowered ROS further 
results in the predominant localization of CLK-1 in the mitochondria and induces 
the return to basal ROS production, which will be helpful for maintaining the 
mitochondrial homeostasis [13]. Therefore, a respiratory enzyme exists in the 
nucleus to regulate both the mitochondrial stress responses and the longevity in 
nematodes.

1 Molecular Basis for Oxidative Stress Induced by Environmental Toxicants…



9

1.4  Response Signals with the Functions to Defend 
Against the Oxidative Stress

1.4.1  Superoxide Dismutases (SODs)

The SOD activity can be detected in the extracts of nematodes, and the SODs have 
been well known to protect the cells or organisms from oxidative stress by 
catalytically removing the superoxide radical (*O2−). For example, dauer is a 
developmental state for larvae adapting the environmental stresses or starvation. 
The extracts of dauer larvae had 17.1 units SODase per milligram protein, whereas 
obligate larvae and young adults had 4.3 and 3.8 units SODase per milligram, 
respectively [14]. Additionally, the ratio of SODase to oxygen consumption was 
markedly increased in dauer larvae compared with that in young adults, implying 
that this elevated SODase might contribute to an increased resistance to certain 
environmental stresses [14].

1.4.1.1  SOD-1

In nematodes, sod-1 encodes a cytoplasmic copper/zinc superoxide dismutase. The 
SOD-1 activity has been implicated in the increase in lifespan of dauer larvae, 
because its activity was the highest at this developmental stage compared with 
others [14]. In sod-2 mutant, both the cytosolic *O2− level and the mitochondrial 
*O2− level were significantly increased [14], implying that both cytosolic SOD-1 
and mitochondrial SOD-1 are required for the detoxification of *O2− [15].

1.4.1.2  SOD-2 and SOD-3

In nematodes, sod-2 and sod-3 encode mitochondrial iron/manganese superoxide 
dismutases. Both SOD-2 and SOD-3 function to defend against the oxidative stress 
and to promote the normal lifespan [5].

Both sod-2 expression and sod-3 expression were diminished by mutation of daf- 
16 encoding a FOXO transcriptional factor in the insulin signaling pathway. 
Nevertheless, the increased longevity was observed in sod-2(ok1030) or sod- 
2(gk257) mutant which has the decreased Mn-SOD scavenging capacity and 
increased mitochondrial matrix oxidant burden [5, 16]. In sod-2 or sod-3 mutant, 
the mild compensatory upregulation of other sod genes was even detected [5, 16]. 
Mutation of sod-2 even increased the lifespan in clk-1 mutant, but it clearly decreased 
the lifespan of isp-1 mutant [16].

1.4 Response Signals with the Functions to Defend Against the Oxidative Stress

http://www.wormbase.org/search/gene/sod-1
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http://www.wormbase.org/search/gene/daf-16
http://www.wormbase.org/search/gene/sod-2
http://www.wormbase.org/search/gene/clk-1
http://www.wormbase.org/search/gene/isp-1
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1.4.1.3  SOD-4

In nematodes, sod-4 encodes an extracellular Cu2+/Zn2+ superoxide dismutase. 
SOD-4 is expressed in the nervous system, intestine, and rectal gland cells. The sod- 
4 expression was also significantly upregulated in dauers [14].

In nematodes, although the sod genes were not required for the longevity of daf- 
2 insulin/IGF-1 receptor mutant, mutation of sod-4 enhanced the longevity and the 
constitutive diapause in daf-2 mutant [17].

1.4.1.4  SOD-5

sod-5 encodes a cytoplasmic Cu2+/Zn2+ superoxide dismutase. The sod-5 expression 
could be increased in sod-1 mutant [5, 16], implying the possible functional com-
pensation between SOD-1 and SOD-5. Both SOD-3 and SOD-5 may act as direct 
targets for DAF-16 due to the existence of DAF-16 binding element on the promoter 
regions for these genes.

1.4.2  Catalases (CATs)

In nematodes, ctl-1, ctl-2, and ctl-3 encode the catalases, antioxidant enzymes that 
protect the cells from the damage of oxidative damage. CTL-1 is predicted to be a 
cytosolic catalase. CTL-2 is observed to be mainly located in the peroxisomes of 
intestinal epithelial cells. The altered peroxisome morphology was observed in ctl-2 
mutant nematodes [18] and suggests the possible changes in peroxisomal function, 
including increased ROS production.

CTL-1 and CTL-2 could be negatively regulated by DAF-2-mediated insulin 
signaling [18]. The ctl-1 mutant has no obvious effect on either nematode aging or 
egg-laying capacity; however, the ctl-2 mutant exhibits progeric phenotype and 
decreased egg-laying capacity [18]. Mutation of ctl-2 could reduce the lifespan of 
long-lived daf-2 or clk-1 mutant and accelerates the onset of its egg-laying period 
[18].

1.4.3  Insulin Signaling

1.4.3.1  Role of Insulin Signaling in the Activation of Oxidative Stress

In the insulin signaling pathway, AGE-1 is the downstream target of insulin receptor 
DAF-2. Mutation of age-1 was resistant to the oxidative stress [19]. Meanwhile, 
both the activity of (SOD) and the activity of catalase exhibited an age-dependent 
increase in age-1 mutant [19], which suggests that the signaling cascade of 

1 Molecular Basis for Oxidative Stress Induced by Environmental Toxicants…
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DAF-2-AGE-1 regulates the activation of oxidative stress by negatively regulating 
the SOD and catalase activities. It has been further found that the expression of sod- 
3 encoding a Mn-SOD was increased by daf-2 mutation, which is regulated by the 
insulin-like signaling pathway [20], suggesting that the DAF-2 may regulate the 
longevity and the oxidative stress by affecting Mn-SOD-associated antioxidant 
defense system. Nevertheless, in wild-type and age-1 dauer larvae, only elevated 
levels of the SOD activity, but not of the catalase activity, could be detected [19].

The forkhead transcription factor DAF-16 is negatively regulated by the DAF-2- 
AGE-1 signaling cascade in the insulin signaling pathway. Under the normal 
conditions, the DAF-16 protein is normally located in the cytoplasm. However, 
under the oxidative stress or certain environmental stress, the DAF-16 would be 
translocated into the nuclei [21]. Additionally, the DAF-16 could be constitutively 
accumulated in the nuclei of mev-1 or gas-1 mutant nematodes even under the 
normal conditions, which could be recovered by the supplementation of the 
antioxidant coenzyme Q10 (Fig. 1.4) [21].

Besides the oxidative stress or the environmental stress, it has also reported that 
SOD-3, a superoxide dismutase regulated by DAF-16, could be induced in intestinal 
cells after the infection with pathogenic bacteria [22]. Moreover, both the SOD-3 
and the CTL-2 were required for DAF-16-mediated resistance to infection with 
pathogenic bacteria [22]. Therefore, the nematodes may potentially respond to the 
pathogen infection by producing intestinal ROS while simultaneously inducing a 
DAF-16-dependent oxidative stress response to protect adjacent tissues from the 
damage from the infection [22].

Fig. 1.4 Localization of DAF-16::GFP in wild type, mev-1 and gas-1 L2 larvae under atmospheric 
conditions (21% oxygen) or 90% oxygen [21]

1.4 Response Signals with the Functions to Defend Against the Oxidative Stress
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1.4.3.2  Interaction Between β-Catenin/BAR-1 and DAF-16 
in the Regulation of Oxidation Stress

In nematodes, β-catenin/BAR-1 is a transcriptional factor in the Wnt signaling path-
way. It has been shown that mutation of bar-1 could reduce the activity of DAF- 
16  in dauer formation and lifespan [23]. Moreover, BAR-1 was required for the 
oxidative stress-induced expression of SOD-3, a DAF-16 target [23]. The association 
of β-catenin with FOXO could be enhanced in cells exposed to the oxidative stress 
[23]. These observations demonstrate the important association of β-catenin with 
FOXO in the regulation of oxidative stress [23].

1.4.3.3  Identification of Upstream Regulator of DAF-2 in the Regulation 
of Oxidative Stress

In nematodes, mutation of pcm-1 encoding a protein L-isoaspartyl methyltransfer-
ase induced a susceptibility to oxidative stress, since treatment with paraquat, a 
ROS generator, resulted in the more severe developmental delay at the second larval 
stage in pcm-1 mutants than in wild-type nematodes [24]. This effect could be 
reversed by the administration with vitamin C, implying that the observed develop-
mental delay and the egg-laying defects may be resulted from the oxidative stress 
[24]. Genetic interaction assay further indicated that mutation of daf-2 could inhibit 
the Egl phenotype in pcm-1 mutant treated with juglone, suggesting that the PCM-1 
is involved in the control of cellular responses by acting an upstream regulator of 
DAF-2 in the insulin signaling pathway [24].

1.4.4  SKN-1/Nrf Signaling

1.4.4.1  Role of SKN-1 in the Regulation of Oxidative Stress

In nematodes, the SKN-1/Nrf plays a pivotal role in resisting the oxidative stress 
[25]. The skn-1 mutants were sensitive to oxidative stress and showed the reduced 
longevity [25]. SKN-1 is expressed in both the ASI sensory neurons and the 
intestine. The SKN-1::GFP would be translocated and accumulated into the nucleus 
in response to the oxidative stress [25].

During the regulation of oxidative stress, the activity of SKN-1 is normally regu-
lated by its phosphorylation modification. For the modification of SKN-1, it has 
been further suggested recently that SKN-1 could also be O-GlcNAcylated at 
Ser470 and Thr493 by O-GlcNAc transferase OGT-1. Under the condition of 
oxidative stress, SKN-1 was highly O-GlcNAcylated, which resulted in the decrease 
in GSK-3-mediated phosphorylation at Ser483 adjacent to the O-GlcNAcylated 
residues (Ser470 and Thr493) [26]. In nematodes, disruption of O-GlcNAc 
modification on SKN-1 could inhibit the SKN-1 accumulation in the intestinal 
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nuclei and decreased the activities of SKN-1 in modulating the lifespan and being 
against the oxidative stress [26]. That is, a cross talk between the phosphorylation 
and the O-GlcNAcylation for SKN-1 may exist in the regulation of oxidative stress 
and lifespan in nematodes.

1.4.4.2  Identification of Downstream Targets for Transcriptional Factor 
SKN-1 in the Regulation of Oxidative Stress

First of all, it has been well known that the SKN-1/Nrf can modulate the oxidative 
stress by regulating the phase II detoxification genes, such as gcs-1 and gst-4, 
through constitutive and stress-inducible mechanisms during the postembryonic 
stages [25].

Besides this, it has been further suggested that the expressions of totally 810 
genes could be controlled by the SKN-1/Nrf2 using the whole transcriptome RNA 
sequencing technique [27]. Among these genes, nlg-1 encodes a synaptic cell 
adhesion molecule neuroligin, which acts as a direct target of SKN-1 [27]. 
Pharmacological treatments to induce the oxidative stress could increase the 
synaptic abundance of NLG-1 [27]. The increasing nlg-1 dosage was correlated 
with the increased survival in response to the oxidative stress [27]. In contrast, 
genetic inactivation of nlg-1 reduced the survival and suppressed the resistance of 
nematodes to oxidative stress [27]. That is, neuronal SKN-1 activation may 
potentially confer a protection mechanism for nematodes in response to 
environmental stresses by affecting the function of neuroligin [27].

1.4.4.3  Identification of Upstream Regulators for SKN-1 
in the Regulation of Oxidative Stress

1.4.4.3.1 DAF-16

In nematodes, the skn-1 expression could be activated by the DAF-16 in the insulin 
signaling pathway [28]. Nevertheless, the SKN-1 was required for the oxidative 
stress but not the increased lifespan induced by overexpression of DAF-16 [28]. 
Meanwhile, it was noted that the DAF-16 overexpression could rescue the short 
lifespan of skn-1 mutants but not their susceptibility to oxidative stress [28]. 
Therefore, the function of SKN-1 in promoting longevity may through a different 
mechanism from that in protecting against the oxidative damage in nematodes.

1.4.4.3.2 PMK-1

PMK-1 is a p38 MAPK in the p38 MAPK signaling pathway, an integral part of the 
response of nematodes to a variety of environmental stresses. After exposure to the 
oxidative stress, the PMK-1 could phosphorylate the SKN-1 and causes the 

1.4 Response Signals with the Functions to Defend Against the Oxidative Stress
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translocation and accumulation of SKN-1  in the intestine nuclei, where SKN-1 
activated the transcription of gcs-1 encoding a phase II detoxification enzyme [29].

1.4.4.3.3 BLI-3

In nematodes, the ROS could be generated during infection by Duox1/BLI-3, a dual 
oxidase [30]. Meanwhile, bacterial pathogen infection increased the expression of 
SKN-1 in the intestine [30]. Mutation of skn-1 decreased the resistance of nematodes 
to pathogen infection, whereas increasing SKN-1 activity would augment the 
resistance of nematodes to pathogen infection [30]. NSY-1, SEK-1, and PMK-1 in 
the p38 MAPK signaling pathway were all required for the activation of SKN-1 
during the pathogen infection [30]. Moreover, it has been shown that the ROS 
produced by BLI-3 was the important source for SKN-1 activation via the p38 
MAPK signaling pathway during the pathogen infection [30]. That is, ROS 
generation by BLI-3 may activate a protective SKN-1 response via the p38 MAPK 
signaling in pathogen-infected nematodes.

1.4.4.3.4 SKR-1/2 and WDR-23

In mammals, the Nrf2 is regulated in part by the redox sensor repressor protein of 
Keap1. In nematodes, new genes required for activation of the core SKN-1 target 
gene gst-4 induced by treatment of juglone were identified using genome-wide 
RNAi screening [31]. Among these candidate regulators, mutation of skr-1/2 
encoding the homologs of yeast and mammalian Skp1 inhibited the induction of 
SKN-1-dependent detoxification genes and reduced the resistance of nematodes to 
prooxidants without decreasing the p38 MAPK activation [31]. Moreover, during 
the control of oxidative stress, SKR-1/2 further acted upstream of the WD40 repeat 
protein WDR-23, which binds to and inhibits the SKN-1 [31]. Therefore, the 
signaling cascade of SKR-1/2-WDR-23 is a novel p38 MAPK-independent 
signaling mechanism that activates the SKN-1 [31].

1.4.4.3.5 ELT-3

Using a transcription factor library to identify genes required for activation of 
SKN-1 target gst-4 in brap-2 mutants, ELT-3, a GATA transcription factor, was 
identified as a positive regulator of gst-4p::gfp expression [32]. In nematodes, the 
ELT-3 interacted with the SKN-1 to activate the gst-4 transcription [32]. Moreover, 
ELT-3 was required for the lifespan extension of nematodes overexpressing the 
SKN-1 [32].

1 Molecular Basis for Oxidative Stress Induced by Environmental Toxicants…
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1.4.4.3.6 GSK-3

Under the normal conditions, phosphorylation by glycogen synthase kinase-3 
(GSK-3) could prevent SKN-1 from the accumulation in nuclei [33]. If this 
inhibition was blocked, the background levels of p38 MAPK signaling were still 
required for the SKN-1 function. Therefore, GSK-3 inhibits SKN-1 activity in the 
intestine and influences redox conditions.

1.4.4.3.7 MDT-15

MDT-15, a subunit of the conserved mediator complex, was required for the oxida-
tive stress responses [34]. More importantly, MDT-15 was required for SKN-1 
expression [34]. MDT-15 was also required for the expression of genes in SKN-1- 
dependent and SKN-1-independent fashions downstream of insulin/IGF-1 signaling 
[34]. In nematodes, the MDT-15 directly binds to the SKN-1 through a region 
distinct from the classical transcription factor-binding KIX-domain [34].

1.4.4.3.8 MKK-4, IKKε-1, NEKL-2, and PDHK-2

Based on the RNAi suppression screen to identify additional kinases acting in the 
activation of SKN-1 in response to oxidative stress, four kinases, MKK-4, IKKε-1, 
NEKL-2, and PDHK-2, were further identified [35]. These kinases were required 
for the nuclear localization of SKN-1 in response to oxidative stress in nematodes 
[35]. Moreover, mutation of two of these kinase genes, such as pdhk-2 and nekl-2, 
could result in a shorter lifespan and increased sensitivity to arsenite stress [35].

1.4.4.3.9 IRE-1

In nematodes, IRE-1, an endoplasmic reticulum (ER) transmembrane protein, has 
the function in maintaining the ER homeostasis by initiating unfolded protein 
response (UPRER) [36]. The ROS generated at the ER or by mitochondria could 
sulfenylate a cysteine within the IRE-1 kinase activation loop, which inhibited the 
IRE-1-mediated UPRER, initiated the p38 MAPK/SKN-1 antioxidant response, 
and increased the stress resistance and the lifespan [36]. That is, IRE-1 has an 
important function as a cytoplasmic sentinel that potentially activates p38 MAPK 
and SKN-1.

1.4 Response Signals with the Functions to Defend Against the Oxidative Stress
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1.4.4.3.10 HCF-1

HCF-1, a host cell factor-1, is a regulator for DAF-16 in the regulation of both lon-
gevity and stress response [37]. Moreover, HCF-1 prevented the nuclear accumula-
tion of SKN-1 and inhibited the transcriptional activation of SKN-1, as well as its 
targeted genes [37]. Additionally, the function of SKN-1  in enhancing oxidative 
stress resistance could be incurred by hcf-1 mutation [37].

1.5  Systematic Identification of Novel Genes Required 
for the Regulation of Oxidative Stress

1.5.1  Functional Genomic Approach to Identify Novel Genes 
Required for the Regulation of Oxidative Stress

In order to perform this functional genome screen, synchronized L1-larvae of rrf- 
3(pk1426) strain were fed with bacteria expressing dsRNA corresponding to the 
examined genes [38]. Upon reaching to the L4 larval stage (day 0), the nematodes 
were treated with paraquat (80 mM), and then the survival of animals was monitored 
in every other day (from day 3 to day 15) [38]. The identified candidate genes are 
shown in Table  1.1. Based on this gene list, at least a partial functional overlap 
between the processes of ROS resistance and regulation of lifespan may exist. 
About ~30% of the aging genes identified here were involved in mitochondrial 
function [38]. These included those genes encoding components for the respiratory 
chain, mitochondrial ribosomes, ADP/ATP carriers, and molecules involved in 
mitochondrial protein synthesis (Table 1.1) [38].

1.5.2  Identification of Genes Required for the Regulation 
of Oxidative Stress or Stress Response Based 
on the Translocation of Environmental Toxicant

Besides the phenotypic analysis, another strategy to identify the genes required for 
the regulation of oxidative stress or stress response is based on the translocation of 
environmental toxicant, such as the graphene oxide (GO), a carbon-based nanoma-
terial [39]. Activation of oxidative stress is an important cellular contributor to GO 
toxicity formation in nematodes [40]. Based on the translocation pattern of GO/Rho 
B, seven genes were identified to be required for the GO toxicity and translocation 
of GO [39]. Among these seven genes, mutation of hsp-16.48, gas-1, sod-2, sod-3, 
or aak-2 resulted in the greater GO translocation into the body and toxicity on the 
functions of both primary targeted organs, such as the intestine, and secondary tar-
geted organs, such as the neurons and reproductive organs (Fig.  1.5) [39]. In 
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contrast, mutation of isp-1 or clk-1 caused the significant suppression in the GO 
translocation into the body and the GO toxicity on the functions of both primary and 
secondary targeted organs (Fig. 1.5) [39]. Moreover, mutation of hsp-16.48, gas-1, 
sod-2, sod-3, or aak-2 caused increased intestinal permeability and prolonged mean 

Fig. 1.5 Distributions of GO-Rho B in wild-type and mutant nematodes [39]. (a) Pictures show-
ing the distributions of GO-Rho B in wild-type and mutant nematodes. (b) Comparison of relative 
fluorescence of GO-Rho B in the intestine between wild-type and mutant nematodes. (c) 
Comparison of relative fluorescence of GO-Rho B in the pharynx between wild-type and mutant 
nematodes. (d) Comparison of relative fluorescence of GO-Rho B in the spermatheca between 
wild-type and mutant nematodes. The arrowheads indicate the pharynx. The intestine (**) and the 
spermatheca (*) are also indicated. GO exposure was performed from L1-larvae to young adult. 
The exposure concentration of GO was 100 mg/L. Bars represent means ± SEM. **P < 0.01 vs wild 
type
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defecation cycle length in GO-exposed nematodes; however, mutation of isp-1 or 
clk-1 resulted in decreased intestinal permeability in GO-exposed nematodes [39].

1.6  Molecular Basis for Induction of Oxidative Stress 
in Nematodes Exposed to Environmental Toxicants

1.6.1  Alteration in Primary Molecular Mechanism 
for the Control of Oxidative Stress Induced 
by Environmental Toxicants

With the graphene oxide (GO) as an example, prolonged exposure (from L1-larvae 
to adult day 1) to GO (100 mg/L) could induce the significant intestinal reactive 
oxygen species (ROS) production in nematodes [40]. Meanwhile, prolonged 
exposure to GO (100 mg/L) resulted in a significant decrease in the expression level 
of gas-1 and a significant increase in the expression levels of isp-1 and clk-1 [40].

With the thiolated GO (GO-SH) as an another example, it has been shown that 
prolonged exposure to GO-SH (10 mg/L) could significantly increase the expression 
levels of clk-1 and isp-1 and decrease the expression level of gas-1 (Fig. 1.6) [41]. 
Very different from the expression patterns of the examined genes in nematodes 
exposed to GO-SH (10 mg/L), no significant alterations in expression levels of clk-1 
and isp-1 were detected in nematodes after prolonged exposure to GO-SH (100 μg/L) 
(Fig. 1.6). Among the examined genes required for the control of oxidative stress, 
prolonged exposure to GO-SH (100 μg/L) could only alter the expression of gas-1, 
and the gas-1 expression was significantly decreased by prolonged exposure to 
GO-SH (100 μg/L) (Fig. 1.6) [41]. These results imply that the primary molecular 

Fig. 1.6 Expression patterns of genes required for the control of oxidative stress in GO-SH- 
exposed nematodes [41]. (a) Expression patterns of genes required for the control of oxidative 
stress in 10 mg/L of GO-SH-exposed nematodes. (b) Expression patterns of genes required for the 
control of oxidative stress in 0.1 mg/L of GO-SH-exposed nematodes. Prolonged exposure was 
performed from L1-larvae to adult day 1. Bars represent means ± SD. **P < 0.01 vs control
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machinery may be activated to lead to the induction of oxidative stress in nematodes 
exposed to environmental toxicants, such as the GO or the GO-SH.

1.6.2  Induction of Expression for Proteins with the Functions 
to Defend Against the Oxidative Stress Induced 
by Environmental Toxicants

Further with GO as an example, prolonged exposure (from L1-larvae to adult day 1) 
to GO (100 mg/L) could significantly increase the expression levels of sod-1, sod-2, 
sod-3, and sod-4 [40]. Further with GO-SH as another example, prolonged exposure 
to GO-SH (10 mg/L) could increase the expressions of sod-1, sod-2, sod-3, and sod- 
4 (Fig.  1.6) [41]. Besides these, prolonged exposure (from L1-larvae to young 
adults) to TiO2-nanoparticles (TiO2-NPs) with different nanosizes could also 
significantly increase the expression levels of sod-2 and sod-3 among the examined 
genes required for the control of oxidative stress in nematodes (Fig. 1.7) [42]. These 
data imply that the toxicity caused by exposure to certain environmental toxicants 
can further induce a protection response in nematodes, which also reflects the 
formation of oxidative stress in nematodes exposed to environmental toxicants. 
Nevertheless, the formed protection response may be not enough to counteract the 
oxidative damage from environmental toxicants on nematodes.

1.6.3  Suppression in Expressions of Genes Mediating 
the Protection Response Defending Against Oxidative 
Stress in Nematodes After Chronic Exposure to Certain 
Environmental Toxicants

Usually, a protection response will be induced in nematodes after acute or pro-
longed exposure to certain environmental toxicants. However, once the very severe 
toxicity is induced by chronic exposure to certain environmental toxicants, the 
expressions of genes mediating the protection response defending against the oxida-
tive stress would be further suppressed in nematodes. With the Al2O3-NPs as an 
example, the noticeable decrease in expressions of sod-2 and sod-3 was detected in 
nematodes after chronic exposure (from young adults for 10-day) to Al2O3-NPs 
(8.1–23.1 mg/L) (Fig. 1.8) [43]. Meanwhile, the obvious decrease in expressions of 
sod-2 and sod-3 was also be detected in nematodes after chronic exposure to bulk 
Al2O3 (Fig. 1.8) [43].
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1.6.4  Induction of Expression for SOD Proteins 
in Environmental Toxicant-Exposed Nematodes 
Without Obvious Activation of Oxidative Stress

Using the nematodes to perform toxicity assessment of original surface water sam-
ples collected from Three Gorges Reservoir (TGR) in the quiet season in Wanzhou, 
Chongqing, it was observed that the examined five original surface water samples 
including the sample W5 collected from the backwater area could not cause toxicity 

Fig. 1.7 Effects of different sizes of TiO2-NPs on ROS production and expression patterns of 
genes controlling oxidative stress in nematodes [42]. (a, b) Comparison of ROS production in 
nematodes exposed to different sizes of TiO2-NPs. (c) Expression patterns of genes controlling 
oxidative stress in nematodes exposed to different sizes of TiO2-NPs at the concentration of 
10 mg/L. (d) Expression patterns of sod-2 in nematodes exposed to different sizes of TiO2-NPs. (e) 
Expression patterns of sod-3 in nematodes exposed to different sizes of TiO2-NPs. Exposure of 
TiO2-NPs was performed from L1-larvae, and the endpoints were examined when nematodes 
developed into the adults. Ti-NPs, TiO2-NPs. Bars represent mean ± S.E.M. *p < 0.05, **p < 0.01
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and induce oxidative stress in nematodes [44]. Nevertheless, the surface water sam-
ple W5 induced the significant increase in expressions of genes (sod-2 and sod-3) 
encoding Mn-SODs in nematodes (Fig.  1.9) [44]. This observation implies one 
important possibility. In the nematodes exposed to the surface water sample W5, its 
potential toxicity could already induce a protection response mediated by the 
increased Mn-SODs, although its toxicity was still not enough to induce the obvious 
alterations in various phenotypes.

Fig. 1.8 Expressions of 
sod-2 and sod-3 in 
nematodes after chromic 
exposure to Al2O3-NPs or 
bulk Al2O3 from young 
adults for 10 days [43]. 
Bars represent mean ± 
S.E.M. **P < 0.01 vs 
control (if not otherwise 
indicated)

Fig. 1.9 Effect of surface water sample of W5 on transcriptional expressions of sod-1-5, mev-1, 
gas-1, isp-1, and clk-1 in wild-type nematodes [44]. Relative quantification of the examined genes 
in comparison to reference tba-1. Exposures were performed from L4-larvae for 24 h. The 
differences between groups were analyzed using analysis of variance (ANOVA). Bars represent 
means ± SD. **P < 0.01 vs control
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1.6.5  Molecular Signals Involved in the Regulation 
of Induction of Oxidative Stress in Nematodes Exposed 
to Environmental Toxicants

With the GO as an example, the potential molecular signals involved in the regula-
tion of induction of oxidative stress in exposed nematodes were screened from 20 
strains with mutations of genes required for stress response or oxidative stress [39]. 
Among these 20 mutants, mutation of gas-1, sod-2, sod-3, or aak-2 could induce the 
greater GO translocation into the body and the greater induction of intestinal ROS 
production compared with those in wild-type nematodes (Fig. 1.10) [39]. In contrast, 
mutation of isp-1 or clk-1 could cause the significant decrease in both the GO 
translocation into the body and the induction of intestinal ROS production compared 
with those in wild-type nematodes (Fig. 1.10) [39]. In nematodes, aak-2 encodes a 
catalytic alpha subunit of AMP-activated protein kinase.

1.7  Perspectives

In this chapter, we first systematically introduced both the molecular machinery for 
the activation of oxidative stress and the response signals with the functions to 
defend against the oxidative stress in nematodes. That is, the relatively detailed 
information for the molecular basis of oxidative stress activation is available in 
nematodes. Nevertheless, so far, most of the studies have been performed on the 
association of oxidative stress and longevity control. In contrast, the systematic 

Fig. 1.10 Comparison of induction of intestinal ROS production between wild-type and mutant 
nematodes exposed to GO (100 mg/L) [39]. GO exposure was performed from L1-larvae to young 
adult. Bars represent means ± SEM. **P < 0.01 vs wild type
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molecular network explaining the important role of oxidative stress in toxicity 
induction of different environmental toxicants or stresses is still largely unclear.

Induction of oxidative stress is very important for toxicity formation of various 
toxicants and stresses in nematodes [45–55]. We here further explained and 
discussed the known molecular basis for induction of oxidative stress in nematodes 
exposed to environmental toxicants. With the aim to further deeply elucidating the 
molecular network explaining the important role of oxidative stress in toxicity 
induction of different environmental toxicants or stresses, we suggest the attention 
and the careful consideration of effects of different exposure doses or different 
exposure routes of environmental toxicants or stresses on the response of nematodes 
and the underlying molecular mechanisms.
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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.
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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…



35

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].
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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
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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
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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
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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].
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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

2.3 Environmental Toxicants or Stresses Reduce Lifespan by Affecting the Molecular…



44

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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Chapter 3
Roles of Oxidative Stress-Related 
Molecular Signals in the Regulation 
of Toxicity of Environmental Toxicants 
or Stresses

Abstract In organisms, not only oxidative stress can act as a cellular contributor to 
toxicity induction of environmental toxicants or stress, but also oxidative stress- 
related molecular signals can further act as important molecular regulators for the 
toxicity induction of environmental toxicants or stress. We here first introduced the 
important roles of mitochondrial complex signals in the regulation of toxicity of 
environmental toxicants or stresses. Moreover, we also introduced the important 
roles of SOD proteins, CTL proteins, and GST proteins in the regulation of toxicity 
of environmental toxicants or stresses. The important roles of oxidative stress- 
related molecular signals in the regulation of toxicity of environmental toxicants or 
stresses are further discussed.

Keywords Oxidative stress-related molecular signals · Toxicity regulation · 
Environmental exposure · Caenorhabditis elegans

3.1  Introduction

In nematodes, exposure to certain environmental toxicants or stresses can lead to the 
toxic effects on development, reproduction, neuronal development and function, 
intestinal development and function, epidermal development, innate immune 
response, lifespan, and metabolism under normal or certain conditions [1–23]. The 
toxicity induction on different aspects in nematodes is under the control of different 
molecular signals or signaling pathways [24]. In Chap. 1, we have introduced the 
molecular basis for oxidative stress in nematodes exposed to environmental toxi-
cants or stresses. Not only the oxidative stress act as a crucial cellular contributor to 
toxicity induction of various environmental toxicants or stress, but also the oxidative 
stress-related molecular signals can further act as important molecular regulators for 
the toxicity induction of different environmental toxicants or stresses [24–26].

We here first discussed the important roles of mitochondrial complex signals in 
the regulation of toxicity of environmental toxicants or stresses. Moreover, we fur-
ther discussed the important roles of SOD proteins, CTL proteins, and GST proteins 
in the regulation of toxicity of environmental toxicants or stresses. The information 
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provided in this chapter highlights the importance or possibly the central role of 
oxidative stress-related molecular signals in the regulation of toxicity of environ-
mental toxicants or stresses in nematodes.

3.2  Roles of Mitochondrial Complex Signals 
in the Regulation of Toxicity of Environmental Toxicants 
or Stresses

Here, we will discuss the important roles of molecular signals from mitochondrial 
complexes I, II, III, and IV in the regulation of toxicity of environmental toxicants 
or stresses. Besides these, we will also discuss the potential role of CLK-1-mediated 
coenzyme Q synthesis-related signal in the regulation of toxicity of environmental 
toxicants or stresses.

3.2.1  Complex I (NADH Ubiquinone Oxidoreductase)

3.2.1.1  GAS-1

3.2.1.1.1 Toxicity Induction of Environmental Toxicants or Stresses May 
Be Associated with the Decrease in gas-1 in Nematodes

In nematodes, gas-1 encodes a 49 kDa subunit of complex I. Both the shortened 
lifespan and the increased oxidative damage can be observed in gas-1 mutant 
nematodes [27, 28].

The thiolated graphene oxide (GO-SH), one of the members of graphene family, 
can be potentially used in at least drug delivery, biosensor, perovskite solar cells, 
and 3-D heterostructural assembly [29–32]. In wild-type nematodes, prolonged 
exposure to GO-SH at concentrations more than 100 μg/L caused the significant 
decrease in locomotion behavior as indicated by the endpoints of head thrash and 
body bend and reduction in reproductive capacity as indicated by the endpoint of 
brood size [33], suggesting that GO-SH at concentrations more than 100 μg/L may 
potentially induce the toxicity on the functions of both primary and secondary tar-
geted organs in wild-type nematodes. Additionally, prolonged exposure to GO-SH 
at concentrations more than 100 μg/L could result in the significant induction of 
intestinal reactive oxygen species (ROS) production in wild-type nematodes [33].

Meanwhile, among the examined genes required for the control of oxidative 
stress, prolonged exposure to GO-SH (100 μg/L) could alter the expression level of 
gas-1, and the transcriptional expression of gas-1 was significantly decreased by 
GO-SH (100 μg/L) [33], which implies that the observed toxicity of GO-SH on 
wild-type nematodes may be closely associated with the decrease in gas-1 expres-
sion. Moreover, among the examined genes required for the control of oxidative 
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stress, prolonged exposure to GO-SH (10 mg/L) could further significantly increase 
the transcriptional expressions of sod-1, sod-2, sod-3, sod-4, clk-1, and isp- 1 and 
decrease the transcriptional expression of gas-1 [33].

3.2.1.1.2 Mutation of gas-1 Induces a Susceptibility to Toxicity 
of Environmental Toxicants or Stresses

After prolonged exposure, the toxicity of GO-SH at the concentration of 10 μg/L in 
decreasing locomotion behavior, in reducing brood size, and in inducing intestinal 
ROS production was observed in gas-1 mutant nematodes, although prolonged expo-
sure to GO-SH (10 μg/L) could not affect the locomotion behavior and brood size 
and induce the induction of significant intestinal ROS production in wild-type nema-
todes (Fig. 3.1) [33]. Moreover, the more severe decrease in locomotion behavior, 
reduction in brood size, and induction of intestinal ROS production could be detected 
in GO-SH (100  μg/L)-exposed gas-1 mutant nematodes than those in GO-SH 
(100 μg/L)-exposed wild-type nematodes (Fig. 3.1) [33]. Therefore, mutation of gas-
1 may induce a susceptibility to the toxicity of environmental toxicants or stresses, 
such as the GO-SH. Similarly, mutation of gas-1 also increased the sensitivity of 
nematodes to the volatile anesthetics, such as halothane, and the ethanol [34, 35].

Fig. 3.1 Toxicity assessment of GO-SH in wild-type and gas-1 mutant nematodes [33]. (a) 
Toxicity assessment of GO-SH in decreasing locomotion behavior in wild-type and gas-1 mutant 
nematodes. (b) Toxicity assessment of GO-SH in reducing brood size in wild-type and gas-1 
mutant nematodes. Prolonged exposure was performed from L1-larvae to adult day 1. Bars 
represent means ± SD. **P < 0.01 vs control (if not specially indicated)
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3.2.1.1.3 Cellular Basis for the Formation of Susceptibility to Toxicity 
of Environmental Toxicants or Stresses in gas-1 Mutant Nematodes

The first cellular contributor for the induction of susceptibility to toxicity of envi-
ronmental toxicants in gas-1 mutant is the formation of oxidative damage induced 
by gas-1 mutation [34].

Another important cellular contributor for the induction of susceptibility to tox-
icity of environmental toxicants in gas-1 mutant is the formation of more severe 
accumulation of environmental toxicants in the body or the targeted organs in 
nematodes. After prolonged exposure to GO-SH/Rho B (10  μg/L), the severe 
accumulation of GO-SH/Rho B could be observed in the pharynx, the intestine, and 
the reproductive organs (such as the spermatheca) in gas-1 mutant nematodes 
compared with that in wild-type nematodes (Fig.  3.2) [33]. Additionally, after 
prolonged exposure to GO-SH/Rho B (100 μg/L), the more severe accumulation of 
GO-SH/Rho B could be further detected in the spermatheca and the embryos in gas- 
1 mutant nematodes compared with that in wild-type nematodes (Fig. 3.2) [33].

The third possible cellular contributor for the induction of susceptibility to toxic-
ity of environmental toxicants in gas-1 mutant is the enhancement in the intestinal 
permeability. After prolonged exposure to GO-SH (10 or 100 μg/L), the enhanced 
intestinal permeability was observed in gas-1 mutant nematodes compared with that 
in wild-type nematodes [33], which implies that mutation of gas-1 may enhance the 
intestinal permeability in GO-SH-exposed nematodes.

Fig. 3.2 Comparison of translocation and distribution of GO-SH/Rho B in wild-type and gas-1 
mutant nematodes [33]. The arrowheads indicate the spermatheca (single arrowheads) and the 
embryos (double arrowheads). The pharynx (*) and intestine (**) are also indicated. Prolonged 
exposure was performed from L1-larvae to adult day 1

3 Roles of Oxidative Stress-Related Molecular Signals in the Regulation of Toxicity…



63

3.2.1.1.4 Molecular Basis for the Formation of Susceptibility to Toxicity 
of Environmental Toxicants or Stresses in gas-1 Mutant Nematodes

In nematodes, daf-16 encodes a forkhead transcription factor in the insulin-signal-
ing pathway. In wild-type animals, the DAF-16 normally resides in the cytoplasm, 
and its expression could be translocated to the nuclei upon activating stimuli, such 
as the oxidative stress [36]. However, even under the normal conditions, the DAF-
16 resides constitutively in the nuclei of gas-1 mutant nematodes [36]. 
Supplementation with the antioxidant (coenzyme Q10) could reverse this nuclear 
translocation of DAF-16 in gas-1 mutant nematodes [36]. These observations sug-
gest that gas-1 mutation-mediated mitochondrial perturbations may regulate the 
toxicity induction of environmental toxicants or stresses by at least affecting the 
insulin signaling pathways [36].

3.2.1.2  NUO-1

In nematodes, nuo-1 encodes a NDUFV1 subunit of complex I.  The transgenic 
strains carrying the mutated nuo-1 showed the complex I dysfunction, such as the 
lactic acidosis and the decreased NADH-dependent mitochondrial respiration [37]. 
Meanwhile, the transgenic strains carrying the mutated nuo-1 showed the 
susceptibility to hyperoxia or paraquat, a generator of superoxide (Fig. 3.3) [37]. 
This observation has implied that the nuo-1 mutants are hypersensitive to 
environmental toxicants or stresses. Moreover, it has been observed that the 
sensitivity of at least some transgenic strains carrying the mutated nuo-1 to the 
hyperoxia or paraquat could be significantly reduced by the supplementation with 
sodium dichloroacetate or riboflavin (Fig.  3.3) [37]. These beneficial effects of 
sodium dichloroacetate and riboflavin may be largely due to their ability in 
stimulating the NADH oxidation and in producing a less reduction in the cellular 
environment [37].

3.2.1.3  NUO-6

In nematodes, nuo-6 encodes a complex I subunit orthologous to mammalian 
NUDFB4 complex I subunit. The decreased function of complex I and the generation 
of superoxide were observed in the nuo-6 mutant nematodes, although the overall 
ROS levels are not and the oxidative stress is low [38]. Moreover, it has been shown 
that treatment with the paraquat could not obviously affect the lifespan of long-lived 
nuo-6 mutant nematodes [39], which suggests the possible resistance of nuo-6 
mutant nematodes to the oxidative stress.
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Fig. 3.3 The effects of oxidative stress on wild-type and transgenic mutant strains [37]. Survival 
was scored after 5 days and was defined as the percentage of L1-larvae that developed into adults. 
A minimum of 50 animals were scored. Each value is the mean of five trials. (a) L1-larvae were 
placed onto seeded NGM plates and incubated in either atmospheric (gray bars) or 100% oxygen 
(black bars). (b) L1-larvae were placed onto seeded NGM plates with no (gray bars) or 0.2 M 
paraquat (black bars). (c) L1-larvae were placed onto seeded NGM plates and incubated in 100% 
oxygen without added supplement (black bars), with 5 mg/ml sodium dichloroacetate (light gray 
bars), or with 1 mg/ml riboflavin (dark gray bars). (d) L1-larvae were placed onto seeded NGM 
plates with 0.2  M paraquat without added supplement (black bars), with 5  mg/ml sodium 
dichloroacetate (light gray bars), or with 1 mg/ml riboflavin (dark gray bars). P values were derived 
using two sample t-tests. *P < 0.05; **P < 0.01; ***P < 0.001 compared with wild type in (a) or (b) 
or to the non-supplemented control in (c) or (d)
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In nematodes, it has been further found that the genes regulated by the FOXO 
transcription factor DAF-16 could be upregulated by nuo-6 mutation [40]. 
Additionally, both the DAF-16 and its multiple interacting proteins (MATH-33, 
IMB-2, CST-1/2, and BAR-1) were required for the long-lived longevity formation 
in nuo-6 mutant nematodes [40]. Therefore, NUO-6 may regulate the biological 
processes by affecting the function of insulin signaling pathway in nematodes.

3.2.2  Complex II (Succinate Ubiquinone Oxidoreductase)

In nematodes, mev-1 encodes a cytochrome b large subunit of complex II.  A 
decreased mitochondrial activity (as indicated by the reduced mitochondrial 
respiratory rates), short lifespan, and high level of oxygen free radicals can be 
detected in the mev-1(kn1) mutant nematodes.

3.2.2.1  Toxicity Induction of Environmental Toxicants or Stresses May 
Be Associated with the Decrease in mev-1 in Nematodes

Besides the environmental radiation, microgravity is another crucial contributor to 
the observed physiological changes during the spaceflight. In nematodes, simulated 
microgravity treatment for 6, 12, or 24 h could cause the significant induction of 
intestinal ROS production in wild-type nematodes (Fig. 3.4) [41]. Meanwhile, the 
simulated microgravity treatment significantly decreased the transcriptional 
expressions of mev-1 and gas-1 and increased the transcriptional expression of isp-1 
(Fig.  3.4) [41]. These observations imply that the potential toxicity induction of 
simulated microgravity may be associated with the alteration in expressions of some 
genes required for the control of oxidative stress, including the decrease in mev-1, 
in nematodes.

3.2.2.2  Mutation of mev-1 Induces a Susceptibility to Toxicity 
of Environmental Toxicants or Stresses

With the simulated microgravity as an example for the environmental stresses, it has 
been found that mutation of mev-1 could strengthen the induction of intestinal ROS 
production in simulated microgravity-treated nematodes (Fig.  3.5) [41], which 
suggests that mutation of mev-1 induces a susceptibility to toxicity of environmental 
toxicants or stresses, such as the microgravity.
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Fig. 3.5 Mutation of mev-1, gas-1, or clk-1 affected the induction of oxidative stress in simulated 
microgravity-treated nematodes [41]. Bars represent means ± SD. **P < 0.01 vs wild type

Fig. 3.4 Effect of simulated microgravity treatment in inducing ROS production in wild-type 
nematodes [41]. (a) Effect of simulated microgravity treatment in inducing ROS production in 
wild-type nematodes. (b) Effect of simulated microgravity treatment on the expressions of mev-1, 
isp-1, gas-1, and clk-1 genes in wild-type nematodes. The relative quantification was expressed as 
the ratio between targeted genes and reference tba-1 gene. (c) Effect of simulated microgravity 
treatment on the expressions of sod genes in wild-type nematodes. The relative quantification was 
expressed as the ratio between targeted genes and reference tba-1 gene. Bars represent means ± 
SD. **P < 0.01 vs control
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3.2.2.3  Molecular Basis for the Formation of Susceptibility to Toxicity 
of Environmental Toxicants or Stresses in mev-1 Mutant 
Nematodes

Similar to the observation in gas-1 mutant nematodes, the DAF-16 protein can also 
reside constitutively in the nuclei in mev-1 mutant nematodes under the normal 
conditions [36]. Meanwhile, the supplementation of coenzyme Q10 could also 
reverse this nuclear translocation of DAF-16 in the mev-1 mutant nematodes [36]. 
Therefore, the mev-1 mutation-mediated mitochondrial perturbations may also reg-
ulate the toxicity induction of environmental toxicants or stresses by affecting the 
insulin signaling pathways in nematodes.

3.2.3  Complex III

3.2.3.1  ISP-1

In nematodes, isp-1 encodes an iron–sulfur component of complex III. The increased 
lifespan and the elevated generation of superoxide can be observed in isp-1 mutant 
nematodes.

3.2.3.1.1 Toxicity Induction of Environmental Toxicants or Stresses May 
Be Associated with the Increase in isp-1 in Nematodes

Graphene oxide (GO) is another important member of graphene family. In nema-
todes, prolonged exposure to GO could potentially cause the damage on the func-
tions of both primary and secondary targeted organs [42]. For example, after 
prolonged exposure, GO (0.5–100  mg/L) could noticeably induce the intestinal 
ROS production (Fig. 3.6) [42]. Meanwhile, prolonged exposure to GO (100 mg/L) 
could significantly decrease the transcriptional expression of gas-1 and increase the 
transcriptional expressions of sod-1, sod-2, sod-3, sod-4, isp-1, and clk-1 (Fig. 3.6) 
[42]. Moreover, it was also found that the simulated microgravity treatment could 
also significantly increase the transcriptional expression of isp-1 (Fig.  3.4) [41]. 
These observations suggested that the toxicity induction of environmental toxicants 
or stresses, such as the GO exposure or simulated microgravity treatment, may be 
associated with the increase in isp-1 in nematodes.
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3.2.3.1.2 Mutation of isp-1 Induces a Resistance to Toxicity of Environmental 
Toxicants or Stresses

Using locomotion behavior, brood size, and intestinal ROS production as the toxic-
ity assessment endpoints, it was observed that mutation of isp-1 could induce a 
resistance of nematodes to GO toxicity in decreasing locomotion behavior, in reduc-
ing brood size, and in inducing intestinal ROS production [43]. ISP-1 may further 
positively regulate the formation of transgenerational toxicity in CdTe quantum dot 
(QD)-exposed nematodes, and mutation or intestine-specific RNAi of isp-1 could 
cause the formation of a resistance to the transgenerational toxicity of CdTe QDs 
and prevent the translocation of CdTe QDs from the exposed nematodes to their 
progeny [44]. Additionally, it was also observed that mutation of isp-1 could result 
in a resistance to the oxidative stress induced by simulated microgravity treatment 
(Fig. 3.5) [41]. These findings suggest that mutation of isp-1 induces a resistance to 
toxicity of environmental toxicants or stresses in nematodes.

Fig. 3.6 Effects of GO exposure on intestinal ROS production in nematodes [42]. (a) Pictures 
showing the intestinal ROS production. (b) Comparison of intestinal ROS production in 
GO-exposed nematodes. (c) Expression pattern comparison of genes required for oxidative stress 
in GO-exposed nematodes. The final results were expressed as the relative expression ratio 
(between targeted gene and tba-1 reference gene). Exposure to GO was performed from L4-larvae 
for 24 h (acute exposure) or from L1-larvae to adult (prolonged exposure). Bars represent means ± 
SEM. **p < 0.01
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3.2.3.1.3 Cellular Mechanisms for the Formation of Resistance to Toxicity 
of Environmental Toxicants or Stresses in isp-1 Mutant Nematodes

Previous study has demonstrated that prolonged exposure to GO (100 mg/L) could 
significantly enhance the intestinal permeability as indicated by the assay of Nile 
Red labeling [42]. One of the raised cellular mechanisms for the formation of resis-
tance to toxicity of environmental toxicants or stresses in isp-1 mutant is that muta-
tion of isp-1 could effectively suppress this enhancement in the intestinal 
permeability caused by environmental toxicants or stresses, such as the GO 
(100 mg/L) exposure [43].

3.2.3.1.4 Molecular Mechanisms for the Formation of Resistance to Toxicity 
of Environmental Toxicants or Stresses in isp-1 Mutant Nematodes

3.2.3.1.4.1 Role of DAF-16

It was found that the genes regulated by the FOXO transcription factor DAF-16 
could also be upregulated by isp-1 mutation [40]. Additionally, both the DAF-16 
and its multiple interacting proteins (MATH-33, IMB-2, CST-1/2, and BAR-1) were 
shown to be required for the long-lived longevity phenotype of isp-1 mutant 
nematodes [40]. Therefore, ISP-1 may act upstream of insulin pathway to regulate 
the various biological processes, including the stress response.

3.2.3.1.4.2 Elevated ROS Levels in isp-1 Mutant May Activate Multiple 
Stress-Response Pathways

In nematodes, it has been found that the elevated ROS levels could help the isp-1 
mutant nematodes to activate multiple stress-response pathways [45]. The first 
activated stress-response pathway was the mitochondrial unfolded protein response 
(mt-UPR) [45]. The second activated stress-response pathway was the SKN-1- 
mediated stress response [45]. The third activated stress-response pathway was the 
antioxidant enzymes, including a marked upregulation of the inducible sod-3- and 
sod-5-encoding superoxide dismutases [45].

3.2.3.1.4.3 Role of Long Noncoding RNAs (lncRNAs)

In nematodes, after prolonged exposure to GO, mutation of isp-1 could dysregulate 
the expressions of some lncRNAs. After prolonged exposure, the expression patterns 
of some dysregulated lncRNAs (linc-37, linc-5, linc-83, linc-103, linc-68, anr-24, 
linc-14, XLOC_013642, XLOC_016657, XLOC_003625, XLOC_015091, 
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XLOC_004416, XLOC_015092, XLOC_007829, XLOC_005996, XLOC_013549, 
XLOC_012820, and XLOC_008926) induced by GO exposure could be reversed by 
the mutation of isp-1 (Fig. 3.7) [46]. Mutation of isp-1 could increase the expressions 
of linc-37, anr-24, linc-14, XLOC_013642, XLOC_016657, XLOC_003625, 
XLOC_015091, XLOC_004416, XLOC_015092, XLOC_012820, and 
XLOC_008926 and decrease the expression of XLOC_005996 in GO-exposed 
nematodes (Fig. 3.7) [46]. These results suggest that mutation of isp-1 may reduce 
the GO toxicity by affecting the functions of certain lncRNAs in nematodes.

3.2.3.2  CTB-1

In nematodes, ctb-1 encodes a cytochrome b subunit of complex III. The short-lived 
lifespan can be detected in ctb-1 mutant nematodes [47]. Meanwhile, it was found 
that ctb-1 mutation could suppress the nuclear-encoded complex III defect in isp-1 

Fig. 3.7 Genetic mutation altered the expression patterns of some lncRNAs in GO-exposed wild- 
type nematodes [46] (a) LncRNAs’ expression patterns in GO-exposed wild-type and clk-1 or 
isp-1 mutant nematodes. GO exposure concentration was 100 mg/L. Prolonged exposure to GO 
was performed from L1-larvae to young adults. Bars represent means ± S.E.M. **P < 0.01. (b) 
Summary on the expression patterns of lncRNAs in GO-exposed wild-type and clk-1 or isp-1 
mutant nematodes. Dark blue color indicates the decreased lncRNAs by GO, red color indicates 
the increased lncRNA by GO, yellow color indicates the increased lncRNAs by clk-1 or isp-1 
mutation, and light blue color indicates the decreased lncRNA by clk-1 or isp-1 mutation. (c) 
Diagram for molecular mechanism of clk-1 or isp-1 mutation to reduce the GO toxicity through the 
regulation of functions of lncRNAs in nematodes
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mutant nematodes [47], which implies the possibility that CTB-1 may potentially 
regulate the toxicity of environmental toxicants or stresses through the ISP-1 
signaling in nematodes.

3.2.4  Complex IV

The long-lived lifespan can be observed in nematodes with RNAi knockdown any 
of the three complex IV subunits, including cytochrome c oxidase (COX) IV 
(W09C5.8 and Y37D8A.14) [48]. In nematodes, although the overall amount of 
complex I was not decreased, the COX deficiencies could decrease the intrinsic 
complex I enzymatic activity, as well as complex I–III enzymatic activity [48]. That 
is, the intrinsic complex I enzymatic activity may be dependent on the presence of 
complex IV, and the complex IV may regulate the toxicity of environmental 
toxicants or stresses by affecting the activity of complex I, such as GAS-1.

3.2.5  Coenzyme Q (Ubiquinone, CoQ) Synthesis

In nematodes, clk-1 encodes a ubiquinone biosynthesis protein COQ7. The long- 
lived lifespan phenotype can be observed in the clk-1 mutant nematodes.

3.2.5.1  Toxicity Induction of Environmental Toxicants or Stresses May 
Be Associated with the Increase in clk-1 in Nematodes

In nematodes, prolonged exposure to GO (100 mg/L) could significantly increase 
the transcriptional expression of clk-1 (Fig. 3.6) [42]. Similarly, prolonged exposure 
to multiwalled carbon nanotubes (MWCNTs, 1  mg/L) could also significantly 
increase the transcriptional expression of clk-1 [49]. These findings imply that that 
the toxicity induction of environmental toxicants or stresses, such as the GO or 
MWCNTs exposure, may be associated with the increase in clk-1 in nematodes.

3.2.5.2  Mutation of clk-1 Induces a Resistance to Toxicity 
of Environmental Toxicants or Stresses

Using locomotion behavior, brood size, and intestinal ROS production as the toxic-
ity assessment endpoints, it was observed that mutation of clk-1 could also induce a 
resistance of nematodes to GO toxicity in decreasing locomotion behavior, in reduc-
ing brood size, and in inducing intestinal ROS production [43]. Mutation or intes-
tine-specific RNAi of clk-1 could also cause the formation of a resistance to the 
transgenerational toxicity of CdTe QDs and prevent the translocation of CdTe QDs 
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from the exposed nematodes to their progeny [44]. It was further found that mutation 
of clk-1 could effectively suppress the formation of high percentage of abnormal 
males and severe deficits in the male-specific structures in Hg exposure-induced 
male nematodes (Fig.  3.8) [50]. Meanwhile, mutation of clk-1 could further 
effectively suppress the formation of severe ROS production in the tails of Hg 
exposure-induced male nematodes (Fig. 3.8) [50]. Therefore, mutation of clk-1 may 
induce a resistance to toxicity of environmental toxicants or stresses in nematodes.

Fig. 3.8 Effects of clk-1 mutation on the development of male-specific structures induced by Hg 
exposure [50]. (a) Effects of clk-1 mutation on the formation of abnormal males induced by Hg 
exposure. (b) Effects of clk-1 mutation on the development of male-specific structures induced by 
Hg exposure. (c) Representative images of ROS production. The asterisks indicate the position of 
male tails. (d) Effects of clk-1 mutation on the ROS production induced by Hg exposure. The 
nematodes were treated with 9.8 mg/L Hg for 24 h at the L3-larval stage. Bars represent means ± 
SEM. **P < 0.01

3 Roles of Oxidative Stress-Related Molecular Signals in the Regulation of Toxicity…



73

3.2.5.3  Cellular Mechanisms for the Formation of Resistance to Toxicity 
of Environmental Toxicants or Stresses in clk-1 Mutant 
Nematodes

One important cellular mechanism for the formation of resistance to toxicity of 
environmental toxicants or stresses in clk-1 mutant is that mutation of clk-1 could 
effectively suppress the enhancement in the intestinal permeability caused by 
environmental toxicants or stresses, such as the GO (100 mg/L) exposure [43].

3.2.5.4  Molecular Mechanisms for the Formation of Resistance 
to Toxicity of Environmental Toxicants or Stresses in clk-1 Mutant 
Nematodes

3.2.5.4.1 Role of DAF-16

The genes regulated by the FOXO transcription factor DAF-16 could be further 
upregulated by clk-1 mutation [40]. Moreover, both DAF-16 and its multiple 
interacting proteins (MATH-33, IMB-2, CST-1/2, and BAR-1) were shown to be 
required for the long-lived longevity phenotype of clk-1 mutant nematodes [40]. 
That is, the CLK-1 may also act upstream of insulin pathway to regulate the various 
biological processes, including the stress response.

3.2.5.4.2 Biological Function of Nuclear CLK-1

In nematodes, the nuclear CLK-1 may mediate a retrograde signaling pathway that 
is conserved among different organisms and was responsive to the mitochondrial 
ROS, thus acting as a barometer of the oxidative metabolism [51]. A corresponding 
model for the regulation of ROS metabolism, UPRmt, and lifespan by nuclear CLK-1 
is provided in Fig. 3.9 [51].

3.2.5.4.3 Role of lncRNAs

The expression patterns of some dysregulated lncRNAs (linc-37, linc-5, linc-83, 
linc-103, linc-68, anr-24, linc-14, XLOC_013642, XLOC_016657, XLOC_003625, 
XLOC_015091, XLOC_004416, XLOC_015092, XLOC_007829, XLOC_005996, 
XLOC_013549, XLOC_012820, and XLOC_008926) induced by GO exposure 
could also be reversed by clk-1 mutation (Fig. 3.7) [46]. Mutation of clk-1 could 
increase the expressions of linc-37, linc-5, linc-83, linc-103, linc-68, anr-24, 
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Fig. 3.9 Model for the regulation of ROS metabolism, UPRmt, and lifespan by nuclear CLK-1 
[51]. (a) CLK-1 regulates mitochondrial homeostasis. Most CLK-1 localizes to mitochondria by 
means of its mitochondrial targeting sequence (MTS), where it is required for the biosynthesis of 
ubiquinone (UQ), an essential cofactor in the electron transport chain (ETC). However, basal 
levels of ROS, produced by the mitochondria, direct a pool of CLK-1 to the nucleus where it 
regulates gene expression. Some CLK-1-regulated genes are directly involved in mitochondrial 
ROS metabolism, and, therefore, the prolonged presence of CLK-1  in the nucleus lowers ROS 
levels. Reduced ROS leads to CLK-1 being predominantly localized to mitochondria, and not the 
nucleus, so its effects on gene expression are relieved, basal ROS production returns, and 
homeostasis is maintained. (b) Loss of nuclear COQ7 (R28A mutant) in human cells or loss of 
CLK-1 in worms (that scavenge UQ from their bacterial diet) alters ROS metabolism leading to 
increased ROS levels, augments the UPRmt, and extends the lifespan of worms. (c) The increased 
ROS levels, augmented UPRmt, and extended lifespan in clk-1(−) worms were suppressed by 
expression of a nuclear-localized CLK-1 mutant (CLK-1nuc(+)) that acts to try to maintain 
mitochondrial homeostasis
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linc- 14, XLOC_013642, XLOC_003625, XLOC_015091, XLOC_007829, 
XLOC_013549, and XLOC_012820 in GO-exposed nematodes (Fig.  3.7) [46]. 
These results imply that the CLK-1 can also potentially regulate the GO toxicity by 
influencing the functions of certain lncRNAs in nematodes. Interestingly, it was 
found that both the clk-1 mutation and the isp-1 mutation could decrease the 
expressions of linc-37, anr-24, linc-14, XLOC_013642, XLOC_003625, and 
XLOC_015092 in GO-exposed nematodes (Fig. 3.7) [46].

3.3  Roles of SODs in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

In the organisms, the superoxide dismutases (SODs) are enzymes with the function 
to catalytically remove the superoxide radical (·O2−) so as to protect the organisms 
from the oxidative damage during normal aging or after exposure to environmental 
toxicants or stresses [52].

3.3.1  SOD-1

3.3.1.1  Mutation of sod-1 Induces a Susceptibility to Toxicity 
of Environmental Toxicants or Stresses

In nematodes, sod-1 encodes a Cu/Zn SOD. After Cd exposure, the 24 h LC50 of 
Cd observed was in the order of wild-type (N2) > sod-1(or13) > daf-16(mu86) [53], 
which suggests the induction of susceptibility to environmental toxicants or stresses, 
such as the heavy metal of Cd, in sod-1 mutant nematode.

3.3.1.2  Cellular Mechanisms for SOD-1 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

In sod-1 mutant nematodes, both the cytosolic ·O2− level and the mitochondrial ·O2− 
level were obviously increased, which suggests that the activity of SOD-1 may act 
not only in the cytoplasm but also in the mitochondria to help the nematodes to 
control the detoxification of ·O2− [52].
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3.3.1.3  Molecular Mechanisms for SOD-1 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

Loss-of-function mutation of sod-1 would cause the enhanced expression of subsets 
of both SKN-1 and DAF-16 targets, and a strong overexpression of sod- 1 would 
further induce a compensatory decrease in some of the SKN-1-regulated gst genes 
in nematodes [54].

In nematodes, it was further found the functional compensation for SOD-1 by 
other SODs, especially the sod-5, which could be induced several fold in the sod-1 
mutant nematodes [52].

3.3.2  SOD-2 and SOD-3

In nematodes, sod-2 and sod-3 encode the mitochondrial Mn-SODs.

3.3.2.1  Exposure to Environmental Toxicants or Stresses Dysregulates 
the Expressions of SOD-2 and SOD-3

Titanium dioxide nanoparticles (TiO2-NPs), a kind of metal-oxide nanomaterials, 
have been widely used as pigments or additives for paints, paper, ceramics, plastics, 
foods, and other products, which implies the potential close contact of TiO2-NPs 
with the humans. In nematodes, small sizes (4 nm and 10 nm) of TiO2-NPs could 
cause the more severe toxicities than large sizes (60 nm and 90 nm) of TiO2-NPs on 
animals using lethality, growth, reproduction, locomotion behavior, intestinal 
autofluorescence, and intestinal ROS production as the toxicity assessment 
endpoints [55, 56]. Meanwhile, it has been observed that, among the examined 
genes required for the control of oxidative stress, only the transcriptional expressions 
of sod-2 and sod-3 were significantly increased after exposure to 4 nm, 10 nm, 60 
nm, or 90 nm TiO2-NPs at 10 mg/L [55]. Additionally, the expression patterns of 
sod-2 and sod-3 in nematodes exposed to 4 nm and 10 nm TiO2-NPs were different 
from those in nematodes exposed to 60 nm and 90 nm TiO2-NPs (Fig. 3.13) [55]. 
Moreover, with the increases of exposure concentrations of different sizes of TiO2- 
NPs, the transcriptional expressions of sod-2 and sod-3 also increased gradually 
compared with controls [55]. The transcriptional expressions of sod-2 and sod-3 
could be significantly increased by exposure to 4 nm and 10 nm TiO2-NPs (0.001–
10 mg/L), as well as exposure to 60 nm and 90 nm TiO2-NPs (1–10 mg/L) [55]. 
These observations suggest that exposure to environmental toxicants or stresses, 
such as TiO2-NPs, may potentially alter the expression patterns of SOD-2 and 
SOD-3 in nematodes.
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3.3.2.2  Mutation of sod-2 or sod-3 Induces a Susceptibility to Toxicity 
of Environmental Toxicants or Stresses

With the TiO2-NPs as an example, loss-of-function mutation of sod-2 or sod-3 could 
induce a susceptibility to TiO2-NPs toxicity in decreasing body length, in reducing 
brood size, in decreasing locomotion behavior, and in inducing intestinal autofluo-
rescence and intestinal ROS production in nematodes (Fig. 3.10) [56, 57]. The sus-
ceptibility was also observed in sod-2 or sod-3 mutant nematodes exposed to heavy 
metals, GO, Ag nanoparticles, or DMSA-coated Fe2O3 nanoparticles [43, 58–60]. 
Thus, mutation of sod-2 or sod-3 induces a susceptibility to toxicity of environmen-
tal toxicants or stresses in nematodes.

3.3.2.3  Cellular Mechanisms for SOD-2 and SOD-3 in the Regulation 
of Toxicity of Environmental Toxicants or Stresses

The first cellular contributor for the formation of susceptibility in sod-2 or sod-3 
mutant nematodes is the enhancement in intestinal permeability in nematodes 
exposed to environmental toxicants or stresses. It was reported that mutation of sod- 
2 or sod-3 could significantly enhance the intestinal permeability in nematodes 
exposed to GO (100 mg/L) [43].

Another important contributor for the formation of susceptibility in sod-2 or sod- 
3 mutant nematodes is the extension of mean defecation cycle length in nematodes 
exposed to environmental toxicants or stresses. Under the normal conditions, muta-
tion of sod-2 or sod-3 did not obviously affect the mean defecation cycle length 

Fig. 3.10 Comparison of intestinal ROS production between wild-type and mutant nematodes 
acutely exposed to TiO2-NPs [56]. Acute exposures to TiO2-NPs were performed from young adult 
for 24-h in K medium of 12-well sterile tissue culture plates in the presence of food
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(Fig. 3.11) [43]. In contrast, after prolonged exposure to GO (100 mg/L), a greater 
increase in the mean defecation cycle length in sod-2 or sod-3 mutant nematodes 
was detected (Fig. 3.11) [43]. Therefore, both the intestinal permeability and the 
defecation behavior serve as important cellular contributors to the formation of sus-
ceptibility in sod-2 or sod-3 mutant nematodes.

3.3.2.4  Molecular Mechanisms for SOD-2 and SOD-3 in the Regulation 
of Toxicity of Environmental Toxicants or Stresses

In nematodes, loss-of-function mutation of genes encoding the Mn-SOD could 
increase the transcription of SKN-1-regulated genes and reduce the transcription of 
multiple DAF-16 targets [54]. Moreover, it has been recently found that the antimi-
crobial genes of F55G11.4 and spp-1 could act downstream of sod-3 to regulate the 
GO toxicity [12]. In nematodes, SOD-3 acts downstream of intestinal DAF-16 in 
response to the GO exposure [61]. It was found that RNAi knockdown of F55G11.4 
or spp-1 could significantly inhibit the resistance to GO toxicity in inducing intesti-
nal ROS production and in decreasing locomotion behavior in transgenic strain 
overexpressing intestinal sod-3 (Fig. 3.12) [12], which suggests that antimicrobial 
proteins of F55G11.4 and SPP-1 act downstream of intestinal SOD-3 in response to 
GO exposure in nematodes.

3.3.3  SOD-4

sod-4 encodes an extracellular Cu/Zn SOD. In nematodes, it was observed that the 
simulated microgravity treatment could significantly increase the transcriptional 
expression of sod-4 (Fig. 3.6) [41]. Moreover, upon comparing the coal combustion- 
related PM2.5-exposed wild-type with the smk-1 mutant nematodes, it was found 
that the sod-4 expression could be further significantly decreased by smk-1 mutation 
(Fig. 3.13) [8].

Fig. 3.11 Comparison of mean defecation cycle length between wild-type and mutant nematodes 
[43]. GO exposure was performed from L1-larvae to young adult. The exposure concentration of 
GO was 100 mg/L. Bars represent means ± SEM. **P < 0.01 vs N2
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In nematodes, RNAi knockdown of the sod-4 caused the significantly higher 
induction of intestinal ROS production and decrease in  locomotion compared in 
PM2.5-exposed nematodes compared with those in control nematodes (Fig.  3.13) 
[8], which suggests that mutation or RNAi knockdown of the sod-4 may induce a 
susceptibility to the toxicity of environmental toxicants or stresses in nematodes.

Fig. 3.12 Antimicrobial genes of F55G11.4 and spp-1 acted downstream of sod-3 to regulate the 
GO toxicity [12]. (a) Antimicrobial genes of F55G11.4 and spp-1 acted downstream of sod-3 to 
regulate the GO toxicity in inducing intestinal ROS production. (b) Antimicrobial genes of 
F55G11.4 and spp-1 acted downstream of sod-3 to regulate the GO toxicity in decreasing 
locomotion behavior. (c) A diagram showing the interaction between SOD-3 and antimicrobial 
proteins of F55G11.4 or SPP-1 in the regulation of GO toxicity. Prolonged exposure was performed 
from L1-larvae to young adults. GO exposure concentration was 10 mg/L. Bars represent means ± 
SD. **p < 0.01
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Fig. 3.13 Oxidative stress-related genes acted as downstream regulators of smk-1 in the regulation 
of coal combustion-related PM2.5 toxicity [8]. (a) Expression pattern of genes required for the 
control of oxidative stress in coal combustion-related PM2.5-exposed wild-type and smk-1 mutant 
nematodes. (b) Effect of RNAi knockdown of sod-3, sod-4, or ctl-3 on toxicity of coal combustion- 
related PM2.5 in inducing intestinal ROS production. (c) Effect of RNAi knockdown of sod-3, 
sod- 4, or ctl-3 on toxicity of coal combustion-related PM2.5 in decreasing locomotion behavior. 
The concentration of coal combustion-related PM2.5 was 1  mg/L.  Prolonged exposure was 
performed from L1-larvae to young adults in the presence of food. Bars represent mean ± SD. 
**P < 0.01 vs N2 (if not specially indicated)
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3.3.4  SOD-5

In nematodes, sod-5 encodes a cytoplasmic Cu/Zn SOD. In nematodes, it was also 
observed that the simulated microgravity treatment could significantly increase the 
transcriptional expression of sod-5 (Fig. 3.4) [41]. Additionally, exposure to origi-
nal surface water sample collected from backwater area of Three Gorges Reservoir 
(TGR) region in the flood season in Wanzhou, Chongqing, could also increase the 
transcriptional expression of sod-5 [15]. Moreover, smk-1 mutation could further 
significantly decrease the transcriptional expression of sod-5 in nematodes exposed 
to coal combustion-related PM2.5 (Fig. 3.13) [8].

In nematodes, it was further found that mutation of sod-5 resulted in a suscepti-
bility of nematodes to the toxicity of coal combustion-related PM2.5 in inducing 
intestinal ROS production and in decreasing locomotion compared (Fig. 3.13) [8]. 
Moreover, it was observed that the sod-5 mutant nematodes were susceptible to 
toxicity of surface water sample collected from backwater area of Three Gorges 
Reservoir (TGR) region in the flood season in Wanzhou, Chongqing, in inducing 
intestinal ROS production, in decreasing locomotion behavior, and in reducing 
brood size (Fig. 3.14) [15]. Therefore, mutation or RNAi knockdown of the sod-5 
may also induce a susceptibility to the toxicity of environmental toxicants or stresses 
in nematodes.

3.4  Roles of CTL Proteins in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

ctl-1, ctl-2, and ctl-3 encode the catalases. In nematodes, exposure to phoxim 
(0.25 mM) could significantly increase the transcriptional expression of ctl-1 [62]. 
Additionally, exposure to copper could increase both the activity of CAT and the 
transcriptional expressions of ctl-1 and ctl-2 (Fig. 3.15) [63]. Moreover, upon com-
paring the coal combustion-related PM2.5-exposed wild-type with the smk-1 mutant 
nematodes, the transcriptional expression of ctl-3 could be significantly decreased 
by smk-1 mutation (Fig. 3.13) [8]. These results suggest the possible association 
between the alteration in CTL expression and the toxicity induction of environmen-
tal toxicants or stresses in nematodes.

In nematodes, after the exposure to phoxim, the LC50 values for the ctl-1(ok1242) 
and ctl-3(ok2042) mutants were lower than those observed for the wild-type nema-
todes [62]. After the exposure to carbaryl, the LC50 values for ctl-1(ok1242) and 
ctl-3(ok2042) mutants were also decreased in comparison to the wild-type nema-
todes [62]. Additionally, the ctl-1 mutant showed the hypersensitivity to copper tox-
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icity [63], and the ctl-3 mutant showed the hypersensitivity to the toxicity induced 
by coal combustion-related PM2.5 toxicity in nematodes (Fig. 3.13) [8]. These data 
suggest the important involvement of CTL proteins in the regulation of toxicity of 
environmental toxicants or stresses in nematodes.

3.5  Roles of GST Proteins in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

In nematodes, many genes encode the GST (glutathione-requiring prostaglandin D 
synthase) proteins. Among these genes, exposure to NaF could significantly increase 
the transcriptional expression of gst-1 [64], and simulated microgravity treatment 

Fig. 3.14 Effect of sod-2 or sod-5 mutation on the induction of ROS production (a), the locomo-
tion behavior (b), and the brood size (c) in nematodes exposed to the examined different surface 
water samples in the TGR region [15]. Exposures were performed from L4-larvae for 24-h. Bars 
represent means ± SD. **P < 0.01 vs control (if not specially indicated)
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could significantly increase the transcriptional expression of gst-4 (Fig. 3.16) [41]. 
The response of GST-4::GFP was also observed in nematodes exposed to methyl-
mercury (MeHg) [65].

Moreover, using the corresponding mutant, it was observed that mutation of gst- 
4 could significantly enhance the induction of intestinal ROS production in simu-
lated microgravity-treated nematodes compared with that in wild-type nematodes 
(Fig. 3.16) [41], suggesting that at least mutation of gst-4 may induce a susceptibil-
ity to toxicity of environmental toxicants or stresses, such as the microgravity 
treatment.

3.6  Perspectives

In this chapter, we first tried to introduce and discuss the important roles of mito-
chondrial complex signals in the regulation of toxicity of environmental toxicants or 
stresses. So far, some important components of different mitochondrial complexes 
have been shown to be involved in the regulation of toxicity of environmental toxi-
cants or stresses. Nevertheless, a full-scale screen for the involvement of 

Fig. 3.15 CAT activities or mRNA expression induced by copper in C. elegans [63]. (a) The CAT 
activity and H2O2 content were changed during the copper stress. The gene expressions of ctl-1(b), 
ctl-2 (c), and ctl-3 (d) were quantified in nematode N2 under the stress of different concentrations 
of copper and normalized with cdc-42. *P < 0.05, **P < 0.01 versus respective controls analyzed by 
t-test
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mitochondrial complex signals in the regulation of toxicity of different typical envi-
ronmental toxicants or stresses is still needed based on both the alteration in expres-
sion patterns and the functional confirmation. The detailed underlying molecular 
mechanisms for the involvement of different mitochondrial complex signals in the 
regulation of toxicity of environmental toxicants or stresses are still needed to be 
further elucidated. Additionally, the potential interactions among different mito-
chondrial complex signals in the regulation of toxicity of environmental toxicants or 
stresses are still largely unclear.

We here also introduced and discussed the important roles of SOD proteins, CTL 
proteins, and GST proteins in the regulation of toxicity of environmental toxicants 
or stresses. So far, most of the data implies the alteration in expressions of examined 
SOD proteins, CTL proteins, and GST proteins may mediate a protective response 
for nematodes. The further examination on the alteration in expression patterns of 
SOD proteins, CTL proteins, and GST proteins in nematodes exposed to various 
environmental toxicants or stresses with different doses or exposure durations is 
still needed to be carefully carried out. That is, we may need to pay more attention 
to the possible dynamic alteration in expression patterns of SOD proteins, CTL 
proteins, and GST proteins in nematodes exposed to various environmental toxi-
cants or stresses.

Fig. 3.16 Mutation of akk-2, skn-1, or gst-4 enhanced the induction of oxidative stress in simu-
lated microgravity-treated nematodes [41]. (a) Effect of simulated microgravity on expressions of 
aak- 2, skn-1, gst-4, and gcs-1 in wild-type nematodes. The relative quantification was expressed as 
the ratio between targeted genes and reference tba-1 gene. Bars represent means ± SD. **P < 0.01 
vs control. (b) Mutation of akk-2, skn-1, or gst-4 enhanced the induction of oxidative stress in 
simulated microgravity-treated nematodes. Bars represent means ± SD. **P < 0.01 vs wild type (if 
not specially indicated by line connecting)
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Chapter 4
Functions of MAPK Signaling Pathways 
in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

Abstract In nematodes, there are three important mitogen-activated protein kinase 
(MAPK) signals (p38 MAPK, JNK MAPK, and ERK MAPK). It is well known for 
the crucial role of these three MAPK signaling pathways for organisms in response 
to environmental stresses by transducing the extracellular cues into the cells. In this 
chapter, we introduced and discussed the involvement and the contribution, as well 
as the underlying molecular mechanisms for the response, of these three important 
MAPK signaling pathways in the regulation of toxicity of environmental toxicants 
or stresses in nematodes.

Keywords MAPK signaling pathway · Molecular regulation · Environmental 
exposure · Caenorhabditis elegans

4.1  Introduction

Many important molecular signaling pathways required for the control of various 
biological processes, including the stress response, are conserved among different 
organisms. Based on this finding, Caenorhabditis elegans has been already widely 
used in the elucidation of underlying molecular mechanisms of toxicity induced by 
different environmental toxicants or stresses [1]. Among the molecular signaling 
pathways, the mitogen-activated protein kinase (MAPK) signals (p38 MAPK, JNK 
MAPK, and ERK MAPK) have well been known to be involved in the response of 
organisms to environmental toxicants or stresses. Additionally, the MAPK signals 
are considered to act as central signaling hubs in the regulation of various cellular 
processes by transducing the extracellular cues into the cells [2, 3].

In this chapter, we introduced the involvement of these three important MAPK 
signaling pathways (p38, JNK, and ERK) in the regulation of toxicity of environ-
mental toxicants or stresses. Moreover, we discussed the possible underlying 
molecular mechanisms for the response of these three MAPK signals to environ-
mental toxicants or stresses. The obtained information so far highlights the possible 
central role of MAPK signaling pathway for nematodes in response to various envi-
ronmental toxicants or stresses.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3633-1_4&domain=pdf
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4.2  p38 MAPK Signaling Pathway

In nematodes, the core p38 MAPK signaling pathway contains components of pmk- 
1- encoded MAPK, sek-1-encoded MAPK kinase (MAPKK), and nsy-1-encoded 
MAPK kinase kinase (MAPKKK).

4.2.1  Exposure to Environmental Toxicants or Stress 
Dysregulates the Expression of p38 MAPK Signal

Microgravity is a crucial contributor to the formation of adverse effects on animals 
and human beings during the spaceflight [4–6]. Synthecon Rotary SystemTM was 
used as a simulated microgravity assay system. With the simulated microgravity 
treatment as an example, it was observed that the control wild-type nematodes 
grown in liquid S medium showed the similar transcriptional expressions of genes 
(nsy-1, sek-1, and pmk-1) encoding the core p38 MAPK signaling pathway to those 
in control wild-type nematodes grown on normal NGM plates (Fig.  4.1) [7]. In 
contrast, after simulated microgravity treatment, the significant increase in tran-
scriptional expressions of nsy-1, sek-1, and pmk-1 was observed in wild-type nema-
todes (Fig. 4.1) [7]. Considering the fact that activation of p38 MAPK signaling 
usually requires the phosphorylation of p38 MAPK/PMK-1, the level of phosphory-
lated PMK-1 between control and simulated microgravity-treated wild-type nema-
todes was further examined. The control wild-type nematodes grown in liquid S 
medium had the similar expression of phosphorylated PMK-1 to that in control 
wild-type nematodes grown on normal NGM plates (Fig. 4.1) [7]. However, after 
simulated microgravity treatment, a significant increase in the expression of phos-
phorylated PMK-1 was detected in wild-type nematodes (Fig. 4.1) [7].

Graphene oxide (GO), a member of graphene family containing a two- 
dimensional carbon structure, can be potentially used in nanomedicine including 
drug delivery and bioimaging [8–10]. In nematodes, GO exposure could cause the 
toxicity on the functions of both primary (such as intestine) and secondary (such as 
neurons and reproductive organs) targeted organs [11–17]. Similarly, prolonged 
exposure to GO (100 mg/L) could significantly increase the transcriptional expres-
sions of pmk-1, sek-1, and nsy-1 and increase the expression of intestinal PMK- 
1::GFP [18]. Additionally, prolonged exposure to GO (100  mg/L) significantly 
increased the percentage of PMK-1::GFP nucleus localization in the intestinal cells 
[18]. Moreover, the Western blotting analysis demonstrated that prolonged exposure 
to GO (100 mg/L) obviously increased the expression of phosphorylated PMK-1 
[18]. The decreased expression in PMK-1::GFP was further observed in GO 
(100 mg/L)-exposed sek-1(ag1) or nsy-1(ag3) mutant nematodes, and the decreased 
phosphorylation of p38 MAPK/PMK-1 was detected in GO (100 mg/L)-exposed 
sek-1(ag1) or nsy-1(ag3) mutant nematodes [18]. These observations suggest that 
the p38 MAPK signal may be upregulated by the GO exposure in nematodes. The 
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upregulation of p38 MAPK signal was also observed in nematodes exposed to 
Ag-nanoparticles [19, 20].

Multiwalled carbon nanotubes (MWCNTs) consisting of multiple concentric 
graphene cylinders could also cause the toxicity on the functions of both primary 
and secondary targeted organs in nematodes even at environmentally relevant con-
centrations [21–24]. The most common fungal pathogen Candida albicans can 
invade host tissues and cause life-threatening infections when the immune system 
of hosts is weakened (e.g., from critical illness) or the competing bacterial flora in 
hosts are eliminated (e.g., from broad-spectrum antibiotic use) [25–28]. C. elegans 
has also been proven to be helpful for the study of virulence of human pathogenic 

Fig. 4.1 Effect of simulated microgravity on expression of p38 MAPK signaling in wild-type 
nematodes [7]. (a) Effect of simulated microgravity on expression of p38 MAPK signaling in wild- 
type nematodes using tba-1 as a reference gene. (b) Effect of simulated microgravity on expression 
of p38 MAPK signaling in wild-type nematodes using pmp-3 as a reference gene. (c) Effect of 
simulated microgravity on expression of p38 MAPK signaling in wild-type nematodes using act-1 
as a reference gene. (d) Western blotting analysis of the effect of simulated microgravity on expres-
sion level of phosphorylated PMK-1. Bars represent means ± SD. **P < 0.01 vs control (NGM 
plates)

4.2  p38 MAPK Signaling Pathway
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fungi [29]. In nematodes, it has been observed that pre-exposure to MWCNTs 
(more than 100 μg/L) could enhance the adverse effect of C. albicans infection in 
reducing the lifespan [30]. Pre-exposure could enhance the colony formation of C. 
albicans in the body of nematodes and suppress the innate immune response of 
nematodes by decreasing the expressions of some antimicrobial genes [30]. 
Different from those observed in simulated microgravity-treated or GO-exposed 
nematodes, it was found that MWCNTs decreased the expressions of pmk-1, sek-1, 
and nsy-1 and inhibited translational expression of PMK-1::GFP in the intestine and 
phosphorylation of PMK-1 (Fig. 4.2) [30]. Epistasis assays further suggested that 
MWCNTs required the involvement of the p38 MAPK signaling pathway mediated 
by a NSY-1-SEK-1-PMK-1 cascade to enhance the toxicity of fungal infection, to 
increase fungal colony formation, and to suppress innate immune response [30]. 
Thus, the dysregulation pattern of p38 MAPK signaling pathway may be different 
under different stress conditions in nematodes.

Fig. 4.2 Pre-exposure to 
MWCNTs altered 
expression patterns of 
genes encoding the p38 
MAPK signaling pathway 
in wild-type nematodes 
[30]. (a) Effects of 
MWCNT exposure on 
transcriptional expression 
of pmk-1, sek-1, and nsy-1. 
(b) Effects of MWCNT 
exposure on expression 
pattern of PMK-1::GFP. (c) 
Western blot analysis of 
the effect of MWCNT 
exposure on expression 
level of phosphorylated 
PMK-1. Actin protein was 
used as the loading control. 
Nematodes were exposed 
to MWCNTs from 
L1-larvae to young adults 
in 12-well sterile tissue 
culture plates at 20 °C in 
the presence of food 
(OP50). MWCNT 
exposure concentration 
was 1000 μg/L. Bars 
represent means ± SEM 
**P < 0.01 vs control
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4.2.2  p38 MAPK Signaling Pathway Regulates the Toxicity 
of Environmental Toxicants or Stresses

With the simulated microgravity treatment as an example, intestinal ROS produc-
tion and lifespan were selected as the toxicity assessment endpoints. In wild-type 
nematodes, simulated microgravity did not significantly affect the longevity 
(Fig. 4.3) [7]. The lifespan of wild-type nematodes grown in liquid S medium was 
similar to that on normal NGM plates under the normal conditions, and mutation of 

Fig. 4.3 Mutation of genes encoding p38 MAPK signaling pathway induced a susceptibility to 
simulated microgravity treatment in nematodes [7]. (a) Mutation of genes encoding p38 MAPK 
signaling pathway induced the reduced lifespan in simulated microgravity-treated nematodes. (b) 
Mutation of genes encoding p38 MAPK signaling pathway induced a susceptibility to simulated 
microgravity treatment in inducing intestinal ROS production. Bars represent means ± SD. 
**P < 0.01 vs wild type (if not specially indicated)
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nsy-1, sek-1, or pmk-1 did not alter the longevity under the normal conditions 
(Fig. 4.3) [7]. However, after the simulated microgravity treatment, mutation of nsy- 
1, sek-1, or pmk-1 significantly reduced the lifespan (Fig. 4.3) [7]. Meanwhile, the 
wild-type nematodes grown in liquid S medium or on normal NGM plates did not 
have the significant induction of intestinal ROS production, and the nsy-1, sek-1, 
and pmk-1 mutants grown in liquid S medium or grown on normal NGM plates also 
did not have the significant induction of intestinal ROS production under the normal 
conditions (Fig. 4.3) [7]. In wild-type nematodes, simulated microgravity treatment 
caused the significant induction of intestinal ROS production (Fig.  4.3) [7]. 
Moreover, after simulated microgravity treatment, mutation of nsy-1, sek-1, or pmk- 
1 could induce the more severe induction of intestinal ROS production compared 
with wild-type nematodes (Fig. 4.3) [7].

Under the normal conditions, pmk-1(km25), sek-1(ag1), or nsy-1(ag3) mutant 
also has the normal locomotion behavior [18]. Similarly, prolonged exposure to GO 
(100 mg/L) induced the formation of more severe reduction in lifespan, decrease 
in locomotion behavior, and induction of intestinal ROS production in pmk-1(km25), 
sek-1(ag1), or nsy-1(ag3) mutant than those in wild-type nematodes [18]. Therefore, 
mutations of genes encoding the core p38 MAPK signaling pathway may induce a 
susceptibility to toxicity of environmental toxicants or stresses, such as the GO 
exposure and the simulated microgravity treatment. In contrast, overexpression of 
pmk-1, sek-1, or nsy-1 could significantly decrease the induction of intestinal ROS 
production [18]. Under normal conditions, the nematodes with the overexpression 
of pmk-1, sek-1, or nsy-1 do not exhibit the obvious induction of intestinal ROS 
production [18]. These observations imply the important role of the p38 MAPK 
signaling pathway in the regulation of toxicity of environmental toxicants or 
stresses.

4.2.3  Intestinal Signaling Cascade of p38 MAPK Signaling 
Pathway Regulates the Toxicity of Environmental 
Toxicants or Stresses

pmk-1 is broadly expressed in multiple tissues including the intestine, sek-1 is 
expressed in the excretory canal, the intestine, and the neurons, and nsy-1 is 
expressed in the intestine, the hypodermis, and the neurons. Under the normal con-
ditions, the nematodes with intestinal RNAi knockdown of pmk-1, sek-1, or nsy-1 
exhibited the similar lifespan to VP303 nematodes (Fig. 4.4) [18]. With the simu-
lated microgravity as an example, it was found that neuronal expression of pmk-1 
did not affect the lifespan and the induction of intestinal ROS production in simu-
lated microgravity-treated pmk-1 mutant nematodes; however, intestinal expression 
of pmk-1 could significantly increase the lifespan and suppress the induction of 
intestinal ROS production in simulated microgravity-treated pmk-1 mutant 
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nematodes (Fig. 4.4) [7]. Meanwhile, after simulated microgravity treatment, intes-
tinal RNAi knockdown of nsy-1, sek-1, or pmk-1 could reduce the lifespan and lead 
to the more severe induction of intestinal ROS production compared with that in 
VP303 strain [7]. Moreover, intestinal overexpression of PMK-1 induced a resis-
tance to simulated microgravity treatment, since intestinal overexpression of PMK-1 
significantly suppressed the induction of intestinal ROS production observed in 
simulated microgravity-treated wild-type nematodes [7]. Therefore, the core p38 
MAPK signaling pathway may act in the intestine to regulate the toxicity of envi-
ronmental toxicants or stresses in nematodes.

Similarly, with GO as an example, it has been also found that intestinal RNAi 
knockdown of pmk-1, sek-1, or nsy-1 also induced a susceptibility to GO toxicity on 
lifespan [18], suggesting that the signaling cascade of NSY-1-SEK-1-PMK-1 can 
act in the intestine to regulate the GO toxicity (Fig. 4.5) [18].

Fig. 4.4 Tissue-specific activity of PMK-1 in regulating the response of nematodes to simulated 
microgravity [7]. (a) Tissue-specific activity of PMK-1  in regulating lifespan in simulated 
microgravity- treated nematodes. (b) Tissue-specific activity of PMK-1 in regulating the induction 
of intestinal ROS production in simulated microgravity-treated nematodes. Bars represent means 
± SD. **P < 0.01 vs wild-type (if not specially indicated)
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4.2.4  SKN-1 Acts as an Important Target for Intestinal PMK-1 
in Regulating the Toxicity of Environmental Toxicants or 
Stresses

4.2.4.1  Conformation of the Role of SKN-1 as the Target for Intestinal 
PMK-1 in Regulating the Toxicity of Environmental Toxicants or 
Stresses

SKN-1 plays a central role in the activation of oxidative stress in nematodes [31]. 
Intestinal RNAi knockdown of skn-1 could cause a susceptibility to GO toxicity in 
reducing lifespan and in inducing intestinal ROS production [18], suggesting that 
SKN-1/Nrf can act in the intestine to regulate the GO toxicity. Moreover, intestinal 
RNAi knockdown of skn-1 could suppress the resistance of nematodes overexpress-
ing intestinal pmk-1 to GO toxicity in reducing lifespan (Fig. 4.6) [18], implying 
that the intestinal core p38 MAPK signaling cascade may regulate the GO toxicity 
by acting upstream the transcriptional factor SKN-1/Nrf (Fig. 4.5) [18].

Fig. 4.5 A diagram 
showing the intestinal p38 
MAPK-SKN-1/Nrf 
signaling cascade involved 
in the control of GO 
toxicity in nematodes [18]

Fig. 4.6 Intestinal RNAi of skn-1 suppressed lifespan of nematodes overexpressing pmk-1 in 
intestine [18]. (a) Effect of overexpression of pmk-1 in intestine on lifespan. (b) Effect of intestinal 
RNAi of skn-1 on lifespan in nematodes overexpressing pmk-1 in intestine. VP303 is a tool for the 
RNAi only in intestine. Prolonged exposure was performed from L1-larvae to young adults. GO 
exposure concentration was 100 mg/L.
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In nematodes, prolonged exposure to GO (100 mg/L) also significantly enhanced 
the expression of intestinal SKN-1::GFP [18]. Additionally, prolonged exposure to 
GO (100 mg/L) also significantly increased the percentage of SKN-1::GFP nucleus 
localization in intestinal cells and the expression of intestinal GST-4::GFP [18].

4.2.4.2  Identification of Downstream Targets for SKN-1 in Regulating 
the Toxicity of Environmental Toxicants or Stresses

One of the identified important targets for SKN-1 is the phase II detoxification pro-
tein GST-4, a glutathione-requiring prostaglandin D synthase. GST-4 is expressed 
in the intestine, the pharynx, and the hypodermis. Intestinal RNAi knockdown of 
gst-4 could induce a susceptibility to GO toxicity in reducing lifespan and in induc-
ing intestinal ROS production [18], suggesting that GST-4 can act in the intestine to 
regulate the GO toxicity. Genetic interaction analysis indicated that the SKN-1 and 
the GST-4 could act in the same genetic pathway to regulate the GO toxicity, since 
exposure to GO (100 mg/L) caused the similar toxicity on lifespan in skn-1(RNAi); 
gst-4(ok2108) to that in skn-1(RNAi) strain or in gst-4(ok2108) mutant nematodes 
(Fig. 4.5) [18].

Another identified important target for SKN-1 is the GCS-1, an ortholog of 
γ-glutamine cysteine synthetase heavy chain [32]. Pseudomonas aeruginosa is nor-
mally considered to be toxic and will cause a lethal intestinal infection on nematode 
host [33–37]. After 24 h exposure of P. aeruginosa PA14, both the gcs-1 promoter 
activation and the GST-4 expression were significantly suppressed by feeding with 
skn-1(RNAi), suggesting the specific requirement of SKN-1 to elicit these responses 
(Fig. 4.7) [32].

4.2.5  ATF-7 Acts as Another Important Target for Intestinal 
PMK-1 in Regulating the Toxicity of Environmental 
Toxicants or Stresses

In nematodes, the simulated microgravity treatment could cause the significant 
increase in transcriptional expression of atf-7 encoding a bZIP transcription factor 
[7]. After simulated microgravity treatment, mutation of atf-7 caused the significant 
decrease in relative mean lifespan (treatment/Control(NGM plates)) in nematodes 
(Fig. 4.8) [7]. Meanwhile, after simulated microgravity treatment, the more severe 
induction of intestinal ROS production was observed in atf-7 mutant nematodes 
compared with wild-type nematodes (Fig. 4.8) [7]. Moreover, RNAi knockdown of 
atf-7 could further dramatically suppress the induction of GST-4::GFP expression 
caused by simulated microgravity treatment, and atf-7 mutation could significantly 
reduce the lifespan and increase the induction of intestinal ROS production in 
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Fig. 4.7 P. aeruginosa infection activates SKN-1 [32]. (a) Representative epifluorescence image 
demonstrating the translocation of SKN-1::GFP in the Is007[SKN-1::GFP] strain to intestinal 
nuclei in L3 larvae, fed by the empty vector or skn-1 dsRNA, upon a 5-h exposure to P. aeruginosa 
PA14. Note that the intestinal tissue displays autofluorescence, and in the ASI neurons, SKN- 
1::GFP is not silenced by skn-1 RNAi treatment. (b) Quantification of SKN-1 nuclear translocation 
from the data shown on panel (a). “Low” refers to animals in which SKN-1::GFP was detected in 
less than five intestinal nuclei, while “high” indicates that SKN-1::GFP signal was present in more 
than 15 intestinal nuclei. (c) Representative epifluorescence microscopic image showing intestinal 
expression of Pgcs-1::GFP and GST-4::GFP in L3 larvae upon a 24-h PA14 exposure. (d) 
Quantification of reporter expression demonstrating the SKN-1 dependence of the response. Data 
were obtained from panel (c) completed with the data of skn-1(RNAi) animals. Microscopic images 
are representatives of three independent experiments. EV: empty vector RNAi

transgenic strain overexpressing intestinal pmk-1 in simulated microgravity- treated 
nematodes (Fig. 4.8) [7], which suggests the important role of ATF-7 as the impor-
tant target for intestinal PMK-1 in regulating the toxicity of environmental toxicants 
or stresses.
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Fig. 4.8 Genetic interaction between PMK-1 and SKN-1 or ATF-7 in regulating the response of 
nematodes to simulated microgravity [7]. (a) Genetic interaction between PMK-1 and SKN-1 or 
ATF-7 in regulating the lifespan in simulated microgravity-treated nematodes. (b) Genetic interac-
tion between PMK-1 and SKN-1 or ATF-7 in regulating the induction of intestinal ROS production 
in simulated microgravity treatment. Bars represent means ± SD. **P < 0.01 vs wild type (if not 
specially indicated)



Fig. 4.9 PMK-1 regulates basal and inducible expression of P. aeruginosa-induced genes [38]. (a) 
Venn diagram of overlap between genes regulated by PMK-1 and P. aeruginosa. (b, c) qRT-PCR 
analysis of PA14-induced gene expression in wild-type animals and in pmk-1 mutants. Results are 
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4.2.6  Role of Antimicrobial Proteins as the Targets for PMK-1 
in Regulating the Toxicity of Environmental Toxicants or 
Stresses

In nematodes, the qRT-PCR analysis demonstrated that the basal expression of the 
overlap genes requires PMK-1 in animals grown on E. coli, and these genes could 
be induced by infection with P. aeruginosa [38]. The further examination on P. aeru-
ginosa-induced gene expression in pmk-1 mutants indicated that most of the overlap 
genes were not fully induced by P. aeruginosa in pmk-1(km25) mutant nematodes, 
suggesting that PMK-1 is required for their induction (Fig. 4.9) [38]. The microarray 
and qRT-PCR studies of genes regulated by PMK-1 and P. aeruginosa identified five 
classes of candidate immunity genes (Fig. 4.9) [38]. Class A genes are regulated 
basally by PMK-1 on E. coli and require PMK-1 for their induction by pathogenic 
P. aeruginosa (e.g., K08D8.5). Class B genes are regulated basally by PMK-1 and 
are induced by P. aeruginosa, but that induction does not require PMK-1 (e.g., 
C32H11.12). Class C genes are not regulated basally by PMK-1 based on microar-
ray results but do require PMK-1 for induction by P. aeruginosa (e.g., F49F1.6). 
Class D genes are not regulated basally by PMK-1 based on microarray results and 
do not require PMK-1 for induction by P. aeruginosa (e.g., C49G7.5). Class E genes 
are regulated basally by PMK-1 but are not induced by P. aeruginosa.

4.2.7  Upregulators of p38 MAPK Signaling Pathway 
in Response to Environmental Toxicants or Stresses

4.2.7.1  Duox1/BLI-3

ROS can be generated during infection in the model host C. elegans by the dual 
oxidase Duox1/BLI-3 [39]. SKN-1 could be activated in the intestine upon exposure 
to the human bacterial pathogens, Enterococcus faecalis and P. aeruginosa, and a 
weakened response was observed in attenuated mutants of these pathogens [39]. 
The signaling cascade of NSY-1-SEK-1-PMK-1 was required for the SKN-1 

Fig. 4.9 (continued) the average of two biological replicates, each replicate measured in duplicate 
and normalized to a control gene. Error bars are SEM. (d) Diagram of different gene classes regu-
lated by PMK-1 and/or P. aeruginosa. PMK-1 is required for basal and inducible regulations of 
class A genes. PMK-1 is required for basal, but not inducible expression of class B genes. PMK-1 
is required for inducible but not basal expression of class C genes. PMK-1 is required for neither 
basal nor inducible expression of class D genes. PMK-1 regulates basal expression of class E 
genes, but these genes are not induced by P. aeruginosa
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activity during the infection [39]. Moreover, it was found that the ROS produced by 
Duox1/BLI-3 was just the source of SKN-1 activation via p38 MAPK signaling 
during the infection (Fig. 4.10) [39]. That is, the ROS generation by Duox1/BLI-3 
may activate a protective SKN-1 response via p38 MAPK signaling pathway against 
the environmental toxicants or stresses in nematodes (Fig. 4.10) [39].

4.2.7.2  TIR-1 and VHP-1

In nematodes, silencing the pmk-1 could entirely prevent the SKN-1-dependent 
activation of gcs-1 in response to PA14 infection [32]. The PMK-1 could be inacti-
vated by the dual specificity MAPK phosphatase VHP-1. Suppression of VHP-1 
resulted in an increased PMK-1 phosphorylation and a resistance to PA14 infection, 
and vhp-1(RNAi) could significantly increase Pgcs-1::GFP activation upon PA14 
infection (Fig.  4.11) [32]. Meanwhile, TIR-1, a conserved Toll/IL-1 resistance 
(TIR) domain protein, has the function to activate the p38 MAPK signaling inde-
pendently of the Toll-like receptor ortholog TOL-1 during the PA14 infection. RNAi 
knockdown or mutation of tir-1 could prevent the Pgcs-1::GFP fluorescence upon 
PA14 infection and prevent the nuclear translocation of SKN-1 induced by PA14 
infection (Fig. 4.11) [32].

Fig. 4.10 Regulation of SKN-1 activation by Duox1/BLI-3 during infection [39]
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4.2.7.3  MEK-1

mek-1 encodes a MAP kinase kinase (MAPKK). In nematodes, both the SEK-1 and 
the MEK-1 were essential for the PMK-1 activation (Fig. 4.12) [40]. Additionally, 
although RNAi knockdown of pmk-1 did not affect the lifespan of sek-1 mutant 
nematodes after pathogen infection, RNAi knockdown of pmk-1 could further 

Fig. 4.11 The pathogen response-specific TIR-1 and p38 MAPK PMK-1 are required for SKN-1 
activation upon P. aeruginosa infection [32]. (a) Representative epifluorescence microscopic 
images showing the expression of Pgcs-1::GFP in pmk-1(km25) mutants as well as in the p38 
MAPK phosphatase vhp-1(RNAi) and the Toll/IL-1 resistance (TIR) domain protein tir-1(RNAi) 
animals in response to P. aeruginosa infection. L3 larvae were exposed to PA14 for 24  h. 
Microscopic images are representatives from three independent experiments. (b) Quantification of 
reporter expression from the data shown on panel (a) completed with the data of control animals 
fed by OP50 for 24 h. (c) Quantification of SKN-1 nuclear translocation in tir-1(RNAi) L3 larvae 
upon 5 h PA14 exposure. (d) Suggested model of SKN-1 activation during P. aeruginosa infection. 
Upon exposure to PA14, the TIR-1/PMK-1 pathway is indispensable but insufficient to elicit 
SKN-1 transactivation. Solid arrows indicate a direct, while dashed arrows indicate an indirect/
unknown connection. EV empty vector RNAi
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reduce the lifespan of mek-1 mutant nematodes after pathogen infection [40]. 
Therefore, both the MEK-1 and the signaling cascade of NSY-1-SEK-1 can act 
upstream of PMK-1 to regulate the response of nematodes to environmental toxi-
cants or stresses in nematodes.

4.2.7.4  Mitochondrial Complex I

In nematodes, downregulating complex I gene nuo-2 or nduf-6 could cause a signifi-
cant increase in p38MAPK phosphorylation (Fig.  4.13) [41]. Meanwhile, down-
regulation of at least five of the six tested mitochondrial complex I genes could 
upregulate four of the seven ATF-7-dependent genes induced by rotenone: 
C17H12.8, F56D6.2, and M02F4.7 (C-type lectins) and F49F1.6 (mul-1, a mucin- 
like protein) (Fig.  4.13) [41]. In contrast, RNAi-mediated downregulation of the 
respiratory chain complex assembly factor oxa-1, complex III, complex IV, and 
complex V ATP synthase subunits did not increase the levels of phosphorylated p38 
MAPK (Fig. 4.13) [41]. These observations suggest that mitochondrial complex I 
dysfunction can act upstream of the p38MAPK signaling pathway to regulate the 
stress response in nematodes.

4.3  JNK Signaling Pathway

In nematodes, the c-Jun N-terminal kinase (JNK) signaling pathway mainly con-
tains members of MEK-1, JKK-1, and JNK-1 [42]. mek-1 and jkk-1 encode MAP 
kinase kinases, homolog of human MKK-7a, and act as an activator of JNK. jnk-1 
encodes a serine/threonine kinase, homolog of human JNK, and acts as the sole 
member of the JNK subgroup of MAP kinase [42].

Fig. 4.12 Modulation of PMK-1 activation by MEK-1 and SEK-1 MAPKKs and VHP-1 MKP: 
correlation of pathogen susceptibility with levels of PMK-1 activation [40]. Immunoblot analysis 
of lysates derived from WT and sek-1(km4) and mek-1(ks54) mutants subjected to RNAi by feed-
ing with bacterial strains expressing double-stranded RNA corresponding to the sequence of con-
trol (L4440 vector only), pmk-1 (pDK177), or vhp-1 (Ahringer 44D3) genes. Activated levels of 
PMK-1 were detected by using an Ab (anti-phospho-p38) specific for the doubly phosphorylated 
form of PMK-1.
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Fig. 4.13 Mitochondrial complex I dysfunction activates p38 MAPK/ATF-7 [41]. (a, b) Levels of 
phosphorylated p38MAPK following RNAi-mediated downregulation of complex I (C-I) subunits 
(a) and complex V (C-V), oxa-1, complex III (C-III), and complex IV (C-IV) subunits (b) relative 
to control RNAi-treated animals. Levels of phospho-p38MAPK (top lanes) were quantified rela-
tive to α-tubulin (bottom lanes). (c) mRNA levels of ATF-7-dependent innate immune genes in 
control animals and animals on complex I RNAi, determined by qRT-PCR. mRNA levels of the 
transcripts (x axis) were normalized to wild-type control levels. Actin is the internal control. (d) 
Levels of dihydroethidium (DHE) fluorescence quantitated in proximal intestinal cells of animals 
on control RNAi, complex I subunit nuo-6 RNAi, and mitochondrial assembly factor oxa-1 RNAi. 
Representative micrographs are of the anterior regions of animals. RFU, relative fluorescence 
units. Scale bar, 30 mm
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4.3.1  Exposure to Environmental Toxicants or Stress 
Dysregulates the Expression of JNK MAPK Signal

With the GO as an example, after prolonged exposure, the transcriptional expres-
sions of mek-1, jkk-1, and jnk-1 were significantly decreased by GO exposure 
(10  mg/L) [43], suggesting that exposure to certain environmental toxicants or 
stress can dysregulate the expression of JNK MAPK signal in nematodes.

4.3.2  JNK MAPK Signaling Pathway Regulates the Toxicity 
of Environmental Toxicants or Stresses

In nematodes, mutation of mek-1 or jnk-1 could induce a susceptibility to Cd or Cu 
toxicity in inhibiting the survival [44, 45]. Besides this, mutation of mek-1, jkk-1, or 
jnk-1 could also induce a susceptibility to GO toxicity in reducing brood size, in 
decreasing locomotion behavior, and in inducing intestinal ROS production 
(Fig. 4.14) [43], which suggests the involvement of JNK MAPK signaling pathway 
in the regulation of toxicity of environmental toxicants or stresses, such as GO 
exposure.

The genetic interaction analysis further indicated that the jnk-1(gk7);mek-1(ks54) 
double mutant exhibited the similar GO toxicity in reducing brood size, in decreas-
ing locomotion behavior, and in inducing intestinal ROS production to that in the 
mek-1(ks54) or the jnk-1(gk7) single mutant (Fig. 4.14) [43]. Meanwhile, the jnk- 
1(gk7);jkk-1(km2) double mutant showed the similar GO toxicity in reducing brood 
size, in decreasing locomotion behavior, and in inducing intestinal ROS production 
to that in the jkk-1(km2) or the jnk-1(gk7) single mutant (Fig. 4.14) [43]. Additionally, 
the activated JNK-1 was detected only in neuronal cells, and JNK-1 was found to be 
controlled by the MAPK JKK-1 under the heat stress [46]. These results demon-
strated that the MEK-1 and the JKK-1 may act genetically in the same pathway with 
JNK-1  in the regulation of toxicity of environmental toxicants or stresses in 
nematodes.

In nematodes, the JNK MAPK signaling pathway is regulated by MLK-1 MAPK 
kinase kinase (MAPKKK), MEK-1 MAPK kinase (MAPKK), and KGB-1 JNK- 
like MAPK [47]. Moreover, loss-of-function mutation of shc-1 encoding a homolog 
of Shc was defective in activation of KGB-1 and caused the hypersensitivity to 
heavy metals [47]. Introduction of a mutation that perturbs binding to the PTB 
domain or the NPXY motif could abolish the function of SHC-1 or MLK-1 and the 
resistance to heavy metal stress [47]. These results imply that the SHC-1 can act as 
a scaffold to link MLK-1/MAPKKK to MEK-1/MAPKK activation in the KGB-1/
MAPK signal transduction pathway (Fig. 4.15) [47].
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4.4  ERK Signaling Pathway

4.4.1  Exposure to Environmental Toxicants or Stress 
Dysregulates the Expression of ERK MAPK Signal

In nematodes, the core ERK signaling pathway contains the mek-2-encoded MAPK 
kinase MEK and mpk-1-encoded ERK [48]. With GO as an example, although pro-
longed exposure to GO (1 mg/L) did not influence the expressions of mpk-1 and 
mek-1, prolonged exposure to GO (10 or 100 mg/L) could significantly increase 

Fig. 4.14 Effects of mutations in the gene encoding JNK signaling pathways on intestinal ROS 
production in GO-exposed nematodes [43]. Bars represent the mean ± SEM **P < 0.01 vs wild- 
type N2. GO (10 mg/L) was exposed from L1-larvae to adult day 1

Fig. 4.15 Proposed model 
for SHC-1 function in the 
KGB-1 JNK signaling 
pathway [47]
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both the transcriptional expression of mpk-1 and the transcriptional expression of 
mek-2 [49]. Therefore, exposure to environmental toxicants or stress can dysregu-
late the expression of ERK MAPK signal, and the increase in the expression of ERK 
signal may mediate a protection mechanism for nematodes in response to environ-
mental toxicants or stresses, such as GO exposure.

4.4.2  ERK MAPK Signaling Pathway Regulates the Toxicity 
of Environmental Toxicants or Stresses

Using lifespan and intestinal ROS production as the toxicity assessment endpoints, 
mutation of mpk-1 or mek-2 resulted in the more severe reduction in lifespan and 
induction of intestinal ROS production in GO-exposed nematodes (Fig. 4.16) [49], 
suggesting that mutation of mpk-1 or mek-2 may induce a susceptibility to the toxic-
ity of environmental toxicants or stresses.

Fig. 4.16 Effects of mpk-1 mutation on the GO toxicity [49]. (a) Effects of mpk-1 mutation on the 
GO toxicity in reducing lifespan. (b) Effects of mpk-1 mutation on the GO toxicity in inducing 
ROS production. Prolonged exposure was performed from L1-larvae to young adults. GO expo-
sure concentration was 10 mg/L. Bars represent means ± SD. **p < 0.01 vs wild type
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4.4.3  Signaling Cascade of ERK MAPK Signaling Pathway 
in the Regulation of Toxicity of Environmental Toxicants 
or Stresses

Genetic interaction analysis demonstrated that mutation of mpk-1 could signifi-
cantly suppress the resistance of nematodes overexpressing the neuronal mek-2 to 
GO toxicity in reducing lifespan and in inducing intestinal ROS production 
(Fig. 4.17) [49], suggesting that the MPK-1 acts downstream of the neuronal MEK-2 
to regulate the toxicity of environmental toxicants or stresses, such as GO 
exposure.

Fig. 4.17 Genetic interaction between MEK-2 and MPK-1 in the regulation of GO toxicity [49]. 
(a) Genetic interaction between MEK-2 and MPK-1 in the regulation of GO toxicity in reducing 
lifespan. (b) Genetic interaction between MEK-2 and MPK-1 in the regulation of GO toxicity in 
inducing ROS production. Prolonged exposure was performed from L1-larvae to young adults. GO 
exposure concentration was 10 mg/L. Bars represent means ± SD. **p < 0.01 versus wild-type (if 
not specially indicated)
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4.4.4  Identification of Potential Downstream Targets 
for Neuronal MPK-1 in Regulating the Toxicity 
of Environmental Toxicants or Stresses

In nematodes, MPK-1 is expressed in both the neurons and the germline. Expression 
of the mpk-1 in the neurons could suppress the susceptibility of mpk-1(tm3476) 
mutant to GO toxicity in reducing lifespan and in inducing intestinal ROS produc-
tion; however, germline-specific RNAi knockdown of mpk-1 could not significantly 
induce a susceptibility to GO toxicity like the phenotypes observed in the mpk- 
1(tm3476) mutant [49]. Additionally, expression of the mek-2 in the neurons could 
also significantly suppress the susceptibility of mek-2(n1989) mutant to GO toxicity 
in reducing lifespan and in inducing intestinal ROS production [49]. These results 
suggest that the neuronal signaling cascade of MEK-2-MPK-1 may play a crucial 
role in regulating the response of nematodes to GO exposure.

Moreover, it was found that mutation of skn-1 could significantly suppress the 
resistance of nematodes overexpressing neuronal mpk-1 to GO toxicity in reducing 
lifespan and in inducing intestinal ROS production (Fig. 4.18) [49], suggesting that 
the SKN-1 can act as a downstream target for neuronal MPK-1 to regulate the toxic-
ity of environmental toxicants or stresses. In nematodes, aex-3 encodes a guanine 
nucleotide exchange factor. It was further observed that mutation of aex-3 could 
significantly suppress the resistance of nematodes overexpressing neuronal mpk-1 
to GO toxicity in reducing lifespan and in inducing intestinal ROS production 
(Fig. 4.18) [49], suggesting that the AEX-3 can act as another downstream target for 
neuronal MPK-1 to regulate the toxicity of environmental toxicants or stresses.

In nematodes, mutation of aex-3 could further significantly suppress the resis-
tance of nematodes overexpressing the neuronal skn-1b to GO toxicity in reducing 
lifespan and in inducing intestinal ROS production [49], suggesting the formation 
of neuronal signaling cascade of MEK-1-MPK-1-SKN-1b-AEX-3 in the regulation 
of toxicity of environmental toxicants or stresses in nematodes.

4.4.5  Identification of Upstream Regulators for ERK MAPK 
Signaling Pathway in Regulating the Toxicity 
of Environmental Toxicants or Stresses

In nematodes, lin-45 encodes a Raf protein in ERK signaling pathway and acts 
upstream of the signaling cascade of MEK-1-MPK-1. It was found that mutation of 
lin-45 induced a susceptibility to GO toxicity in inducing intestinal ROS production 
and in decreasing locomotion behavior [50].

pkc-1 encodes a serine/threonine protein kinase C (PKC) protein. It was further 
observed that mutation of lin-45 could noticeably inhibit the resistance of transgenic 
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nematodes overexpressing neuronal PKC-1 to GO toxicity in inducing intestinal 
ROS production and in decreasing locomotion behavior [50], suggesting LIN-45 
acts downstream of neuronal PKC-1 to regulate the response to GO exposure.

In nematodes, nlg-1 gene encodes a neuroligin, a postsynaptic cell adhesion pro-
tein. After GO (1 mg/L) exposure, mutation of nlg-1 could significantly decrease 
the expression of pkc-1 [50]. Moreover, mutation of pkc-1 could obviously suppress 
the resistance of transgenic nematodes overexpressing neuronal NLG-1 to GO tox-
icity in inducing intestinal ROS production and in decreasing locomotion behavior 
[50], suggesting that PKC-1 can further act downstream of neuronal NLG-1 to regu-
late the response to GO exposure. Therefore, a signaling cascade of NLG-1-PKC-1-
LIN- 45 was identified to act upstream of ERK MAPK signaling pathway to regulate 
the toxicity of environmental toxicants or stresses in nematodes (Fig. 4.19) [50].

Fig. 4.18 Identification of potential downstream targets for neuronal MPK-1 in the regulation of 
response to GO exposure [49]. (a) Effect of skn-1 or aex-3 mutation on the resistance of nematodes 
overexpressing neuronal mpk-1 to GO toxicity in reducing lifespan. (b) Effect of skn-1 or aex-3 
mutation on the resistance of nematodes overexpressing neuronal mpk-1 to GO toxicity in inducing 
ROS production. Prolonged exposure was performed from L1-larvae to young adults. GO expo-
sure concentration was 10 mg/L. Bars represent means ± SD. **p < 0.01 vs wild type (if not spe-
cially indicated)
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4.5  Perspectives

In this chapter, we introduced and discussed the involvement and contribution of 
three important MAPK signaling pathways (p38 MAPK, JNK MAPK, and ERK 
MAPK) in regulating the toxicity of environmental toxicants or stresses in nema-
todes. The introduced information here can largely reflect the crucial role of these 
three MAPK signaling pathways in the regulation of toxicity of environmental toxi-
cants or stresses. So far, many more information for the involvement and the under-
lying molecular mechanisms of p38 MAPK signaling pathway in regulating the 
toxicity of environmental toxicants or stresses is available in nematodes. In contract 
to this, the available information for the involvement and the underlying molecular 
mechanisms of JNK MAPK or ERK MAPK signaling pathway in regulating the 
toxicity of environmental toxicants or stresses is relatively limited.

Moreover, there are at least two critical questions needed to be further clarified 
and elucidated. First of all, how these three MAPK signaling pathways transduce 
the extracellular cues into the cells through the intestinal barrier is still largely 
unknown. Additionally, the interactions among these three MAPK signaling path-
ways in different tissues to regulate the toxicity of environmental toxicants or 
stresses are still largely unclear. That is, what network may be formed among these 
three MAPK signaling pathways in the regulation of toxicity of environmental toxi-
cants or stresses in nematodes?
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Chapter 5
Functions of Insulin and the Related 
Signaling Pathways in the Regulation 
of Toxicity of Environmental Toxicants 
or Stresses

Abstract In nematodes, the insulin signaling pathway can potentially participate in 
the regulation of various biological processes. In this chapter, we further discussed 
the involvement and possible pivotal function of core insulin signaling pathway in 
the regulation of toxicity of environmental toxicants or stresses. Moreover, we 
introduced the related information on the potential targets for DAF-16 and the 
possible upregulators for the insulin signaling pathway in regulating the toxicity of 
environmental toxicants or stresses. The possible formation of a large physical 
interaction surrounding the DAF-16  in regulating the toxicity of environmental 
toxicants or stresses needs to be paid more attention in nematodes.

Keywords Insulin and the related signaling pathways · Molecular regulation · 
Environmental exposure · Caenorhabditis elegans

5.1  Introduction

The nematode Caenorhabditis elegans has been successfully used in both the toxic-
ity assessment and the toxicological study of various toxicants or stresses [1]. In 
nematodes, it has been shown that exposure to environmental toxicants or stresses 
can lead to the toxicity on many aspects of animals as reflected by a series of toxicity 
assessment endpoints [2–10]. Meanwhile, the insulin signaling pathway has been 
widely proven to participate in the regulation of various biological processes in 
organisms [11–18]. More and more data have implied the possible or even the 
potential pivotal role of insulin signaling pathway in the regulation of stress response 
in nematodes exposed to environmental toxicants or stresses.

In C. elegans, in the core insulin signaling pathway, insulin ligands bind to DAF-2/
IGF-1 receptor (InR) to activate tyrosine kinase activity, which will allow to initiate 
the cascade of several kinases (AGE-1/phosphatidylinositol 3-kinase (PI3K), PDK-
1/3-phosphoinositide-dependent kinase 1, AKT-1/2/serine/threonine kinase Akt/PKB, 
and SGK-1/serine or threonine-protein kinase). AKT and the SGK-1 will further phos-
phorylate and inactivate the transcription factor DAF-16/FOXO, which thereby blocks 
the transcription of its multiple target genes to regulate various biological processes 
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[19, 20]. We here first introduced the involvement of core insulin signaling pathway in 
the regulation of toxicity of environmental toxicants or stresses. We also introduced 
and discussed the potential targets for DAF-16 in the insulin signaling pathway in the 
regulation of toxicity of environmental toxicants or stresses. Moreover, we further 
introduced and discussed the possible upregulators for insulin signaling pathway in 
the regulation of toxicity of environmental toxicants or stresses. So far, the obtained 
data imply the possible formation of a large physical interaction surrounding the DAF-
16 in the regulation of toxicity of environmental toxicants or stresses in nematodes.

5.2  Environmental Toxicants or Stresses Dysregulate 
the Expression of Insulin Signaling Pathway

Graphene oxide (GO), an important carbon-based engineered nanomaterials, can cause 
several aspects of toxicity, including adverse effects on the function of both primary 
(such as the intestine) and secondary (such as the neurons and the reproductive organs) 
targeted organs, on nematodes [21–27]. With the GO as an example, prolonged expo-
sure to GO (100 mg/L) could result in a significant increase in the expression levels of 
daf-2, age-1, akt-1, and akt-2 and decrease in the expression levels of daf-18 and daf-
16 in wild-type nematodes [28]. Additionally, a significant increase in DAF-16:GFP 
expression in the nuclei of GO-exposed (100 mg/L) nematodes was also observed [28], 
which suggests that long-term exposure to GO not only affects the transcriptional 
activities of genes encoding the core insulin signaling pathway but also influences the 
nucleus-cytoplasm translocation of DAF-16. The induction of nucleus-cytoplasm 
translocation of DAF-16 and/or decrease in daf-16 expression could also be observed 
in nematodes exposed to heavy metals (such as Mn or As) or traffic-related PM2.5 [29–
32]. Therefore, exposure to certain environmental toxicants or stresses may potentially 
dysregulate the expression of insulin signaling pathway in nematodes (Fig. 5.1).

Fig. 5.1 Effects of GO exposure on the expression patterns of genes encoding insulin signaling 
pathway in wild-type nematodes [28]. (a) GO exposure altered expression levels of some genes 
encoding insulin signaling pathway in wild-type nematodes. (b) GO exposure influenced the 
nucleus translocation of DAF-16::GFP.  Arrowheads indicate the DAF-16 expression in the 
intestine. GO exposure concentration was 100 mg/L. Prolonged exposure was performed from 
L1-larvae to young adults. Bars represent means ± SEM. **P < 0.01 vs control
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5.3  The Insulin Signaling Pathway Regulates the Toxicity 
of Environmental Toxicants or Stresses

Further with GO as an example, it has been shown that mutation of daf-16 or daf-18 
could induce a susceptibility to GO toxicity in decreasing locomotion behavior and 
in reducing lifespan, whereas mutation of daf-2, age-1, akt-1, or akt-2 could induce 
a resistance to GO toxicity in decreasing locomotion behavior and in reducing 
lifespan (Fig.  5.2) [28]. In nematodes, mutation of daf-16 could also induce a 
susceptibility to the toxicity of heavy metals or traffic-related PM2.5 in inducing 
intestinal ROS production [31, 33–36]. Additionally, mutation of daf-2 or age-1 
could also suppress the toxicity of Hg in inducing deficits in development of male- 
specific structures, of heavy metals (Cd or Ca) or hypoxic stress in reducing lifespan, 
or of traffic-related PM2.5 in inducing intestinal ROS production [31, 33–36]. These 
studies performed on different environmental toxicants or stresses demonstrate the 
important function of insulin signaling pathway in regulating the toxicity of 
environmental toxicants or stresses in nematodes.

5.4  Genetic Interactions of Genes in the Insulin Signaling 
Pathway in Regulating the Toxicity of Environmental 
Toxicants or Stresses

In nematodes, genetic interaction analysis demonstrated that DAF-16 acted 
downstream of DAF-2, AGE-1, AKT-1, or AKT-2 to regulate the GO toxicity in 
reducing the longevity, because mutation of daf-16 could effectively decrease the 
lifespan in daf-2(e1370), age-1(hx546), akt-1(ok525), or akt-2(ok393) mutant 
nematodes exposed to GO (Fig.  5.3) [28]. Therefore, a signaling cascade of 
DAF-2- AGE-1-AKT-1/2-DAF-16 in the insulin signaling pathway was identified 
to be involved in the control of GO toxicity. Meanwhile, it was found that muta-
tion of daf-18 could effectively reduce the lifespan in age(hx546) mutant exposed 
to GO (Fig. 5.3) [28], which suggests the suppressor role of DAF-18 on the func-
tion of AGE-1 in the regulation of GO toxicity. The raised signaling cascade in 
the insulin signaling in regulating toxicity of environmental toxicants or stresses 
was further supported or confirmed by other toxicological studies performed in 
nematodes. It was also observed that mutation of daf-16 could suppress the resis-
tance of daf-2 mutant nematodes to the traffic-related PM2.5 toxicity in inducing 
intestinal ROS production or enhancing intestinal permeability, to the combined 
Ca/Cd toxicity in reducing the lifespan, or to the As toxicity in inducing ROS 
production [31, 32, 35].

5.4 Genetic Interactions of Genes in the Insulin Signaling Pathway in Regulating…



Fig. 5.2 Effects of daf-16, daf-2, age-1, akt-1, akt-2, or daf-18 mutation on nematodes exposed to 
GO [28]. (a) Effects of daf-16 or daf-2 mutation on locomotion behavior in nematodes exposed to 
GO. (b) Effects of daf-16 or daf-2 mutation on lifespan in nematodes exposed to GO. (c) Mutations 
of age-1, akt-1, akt-2, or daf-18 affected GO toxicity on locomotion behavior in nematodes. (d) 
Mutations of age-1, akt-1, akt-2, or daf-18 affected GO toxicity on lifespan in nematodes. GO 
exposure concentration was 100  mg/L.  Prolonged exposure was performed from L1-larvae to 
young adults. Bars represent means ± SEM. **P < 0.01 vs control (if not specially indicated)
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5.5  Targets of DAF-16 in Regulating the Toxicity 
of Environmental Toxicants or Stresses

5.5.1  SOD-3

In C. elegans, daf-16 is expressed in almost all tissues, including the intestine, the 
neurons, the muscle, and the pharynx. Nevertheless, expression of the daf-16 in 
neurons, muscle, or pharynx could not significantly affect the GO toxicity in 
decreasing locomotion behavior and in reducing lifespan in daf-16(mu86) mutant 
nematodes [28]. In contrast, intestinal expression of daf-16 could effectively 
augment the decreased locomotion behavior or reduced lifespan in GO-exposed 
daf-16(mu96) mutant nematodes [28], which demonstrating that the DAF-16 acts 
primarily in the intestine to regulate the toxicity of environmental toxicants or 
stresses. Actually, the core insulin signaling pathway can act in the intestine to 
regulate the GO toxicity in nematodes [28].

SOD-3, a mitochondrial iron/manganese superoxide dismutase, is expressed in 
the pharynx in the head, the intestine, the muscle, the vulva, and the tail. Intestinal 
RNAi knockdown of sod-3 could induce a susceptibility to GO toxicity in reducing 
lifespan [28]. Genetic interaction analysis suggested that DAF-16 acted upstream of 
SOD-3 to regulate the GO toxicity, because the resistance of transgenic strain of 
Ex(Pges-1-daf-16) overexpressing intestinal DAF-16 to GO toxicity in reducing 
lifespan and in inducing intestinal ROS production could be inhibited by sod-3 

Fig. 5.3 Genetic interactions of genes in the insulin signaling pathway in regulating the GO toxic-
ity on lifespan in nematodes [28]. GO exposure concentration was 100 mg/L. Prolonged exposure 
was performed from L1-larvae to young adults
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mutation (Fig. 5.4) [28]. This observation also implies that prolonged exposure to 
GO could inhibit the function of DAF-16 within the insulin signaling and, thereby, 
result in the further suppression of the function of SOD-3, which plays an important 
role in defense against oxidative stress in nematodes [28].

Fig. 5.4 Role of SOD-3 in regulating the GO toxicity in nematodes [28]. (a) Effects of GO expo-
sure on SOD-3::GFP expression. The left shows images for SOD-3::GFP expression, and the right 
shows comparison of relative fluorescence intestine of SOD-3::GFP in the intestine of nematodes. 
Asterisks indicate the intestine of nematodes. (b) Effects of intestine-specific RNAi of sod-3 gene 
on lifespan in GO-exposed nematodes. (c) Effects of intestinal overexpression of daf- 16 gene on 
GO toxicity on lifespan in nematodes. (d) Effects of sod-3 mutation on lifespan in GO-exposed 
nematodes overexpressing daf-16 gene in the intestine in nematodes. GO exposure concentration 
was 100 mg/L. Prolonged exposure was performed from L1-larvae to young adults. Bars represent 
means ± SEM. **P < 0.01 vs wild type
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5.5.2  Antimicrobial Proteins

In nematodes, among the candidate targeted genes for DAF-16, some genes (lys-1, 
lys-7, lys-8, dod-6, F55G11.4, spp-1, spp-12, and dod-22) encoding potential 
antimicrobial proteins have also been identified to act as the targeted genes for daf- 
16 in regulating the toxicity of GO toxicity [37–40]. Among these genes encoding 
potential antimicrobial proteins, RNAi knockdown of lys-1, dod-6, F55G11.4, lys- 
8, or spp-1 could significantly suppress the resistance of nematodes overexpressing 
intestinal daf-16 to GO toxicity in inducing intestinal ROS production and in 
decreasing locomotion behavior (Fig.  5.5) [41], suggesting that LYS-1, DOD-6, 

Fig. 5.5 Antimicrobial genes acted downstream of daf-16 to regulate the GO toxicity [41]. (a) 
Antimicrobial genes acted downstream of daf-16 to regulate the GO toxicity in inducing intestinal 
ROS production. (b) Antimicrobial genes acted downstream of daf-16 to regulate the GO toxicity 
in decreasing locomotion behavior. (c) A diagram showing the interaction between DAF-16 and 
antimicrobial proteins in the regulation of GO toxicity. Prolonged exposure was performed from 
L1-larvae to young adults. GO exposure concentration was 10 mg/L. Bars represent means ± SD. 
**p < 0.01
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F55G11.4, LYS-8, and SPP-1 act as downstream targets for intestinal DAF-16 in 
regulating the toxicity of environmental toxicants or stresses.

Among LYS-1, DOD-6, F55G11.4, LYS-8, and SPP-1, F55G11.4 and SPP-1 
acted further downstream of SOD-3 in the regulation of GO toxicity, because RNAi 
knockdown of F55G11.4 or spp-1 could significantly suppress the resistance of 
nematodes overexpressing intestinal sod-3 to GO toxicity in inducing intestinal 
ROS production and in decreasing locomotion behavior [41]. The antimicrobial 
proteins of F55G11.4 and SPP-1 affected the expression of gas-1 encoding a subunit 
of mitochondrial complex I that is required for the oxidative phosphorylation in 
GO-exposed nematodes [41], implying the important effect of F55G11.4 and SPP-1 
on GAS-1-mediated molecular basis for oxidative stress in GO-exposed nematodes.

5.5.3  MTL-1 and MTL-2

In nematodes, mtl-1 and mtl-2 encode metallothioneins and can be expressed in the 
intestine. Exposure to the outdoor PM2.5 could induce the significant expression of 
MTL-1 and MTL-2 [42]. Meanwhile, mutation of the mtl-1 or mtl-2 resulted in a 
susceptibility to the outdoor PM2.5 toxicity [42], because a more severe decrease 
in locomotion behavior and a more significant induction of intestinal ROS production 
were observed in mtl-1(tm1770) or mtl-2(gk125) mutants exposed to outdoor PM2.5 
(10 mg/L) compared with those in wild-type nematodes [42]. After PM2.5 exposure, 
the head thrash and body bend in the double mutant of daf-16(mu86);mtl-1(RNAi) 
were similar to those in daf-16(mu86) or mtl-1(RNAi) nematodes, and the head 
thrash and body bend in the double mutant of daf-16(mu86);mtl-2(RNAi) were 
similar to those in daf-16(mu86) or mtl-2(RNAi) nematodes (Fig. 5.6) [42]. These 
observations suggest that MTL-1 or MTL-2 acted in the same genetic pathway with 
DAF-16 in regulating the toxicity of environmental toxicants or stresses. Moreover, 
it was observed that the outdoor PM2.5 exposed daf-2(e1370);mtl-1(RNAi) mutant 
exhibited a similar head thrash and body bend to those in outdoor PM2.5 exposed 
mtl-1(RNAi) nematodes, and the outdoor PM2.5 exposed daf-2(e1370);mtl-2(RNAi) 
mutant exhibited a similar head thrash and body bend to those in outdoor PM2.5 
exposed mtl-2(RNAi) nematodes (Fig. 5.6) [42]. That is, MTL-1 and MTL-2 may 
act further downstream of the DAF-16 to regulate the toxicity of environmental 
toxicants or stresses in nematodes.

5.5.4  NATC-1

In nematodes, natc-1 encodes an evolutionarily conserved subunit of the N-terminal 
acetyltransferase C (NAT) complex, and the N-terminal acetylation is a useful 
modification for eukaryotic proteins. NATC-1 is expressed in many cells and tissues 
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and localizes to the cytoplasm [43]. Loss-of-function mutation of natc-1 caused a 
resistance to a broad-spectrum of physiologic stressors, including multiple metals 
(such as Zn), heat stress, and oxidation stress [43]. DAF-16 was predicted to directly 
bind the natc-1 promoter, and natc-1 mRNA levels were repressed by DAF-16 
activity, indicating the role of natc-1 as a physiological target of DAF-16 (Fig. 5.7) 
[43]. Additionally, the daf-2 mutants displayed a twofold decrease in natc-1 
expression compared to wild-type nematodes [43]. Genetic interaction analysis 
demonstrated that natc-1(am138) could enhance the dauer formation in daf- 
2(e1370) mutant nematodes, and the daf-2(e1370);natc-1(am138) double mutant 
nematodes displayed enhanced stress resistance compared to either single mutant 
animal (Fig. 5.7) [43]. Moreover, the daf-16(mu86);natc-1(am138) double mutant 
animals displayed heat stress resistance similar to natc-1 single mutant animals, 
although the daf-16(mu86) mutant displayed a mild sensitivity to the heat stress 
(Fig. 5.7) [43]. Therefore, NATC-1 functions downstream of DAF-16 to mediate the 
resistance of nematodes to environmental toxicants or stresses.

Fig. 5.6 Genetic interaction between daf-16 or daf-2 and genes encoding metallothioneins in 
regulating outdoor PM2.5 toxicity on locomotion behavior [42]. (a) Genetic interaction between 
daf-16 and mtl-1 or mtl-2 in regulating outdoor PM2.5 toxicity on locomotion behavior. (b) Genetic 
interaction between daf-2 and mtl-1 or mtl-2 in regulating outdoor PM2.5 toxicity on locomotion 
behavior. Exposure concentration of outdoor PM2.5 was 10 mg/L. Acute exposure was performed 
from young adults for 24 h. Bars represent mean ± SEM. **P < 0.01 vs wild type
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5.5.5  HSF-1

Pseudomonas aeruginosa is a commonly considered bacterial pathogen for human 
beings [44–47]. In nematodes, both the daf-2(e1370) mutant nematodes and the 
nematodes carrying additional daf-16 gene copies were resistant to P. aeruginosa 

Fig. 5.7 natc-1 is epistatic to daf-16 in resistance to heat and zinc stress [43]. (a) Wild-type (WT), 
natc-1(am138), daf-2(e1370), and daf-2(e1370);natc-1(am138) animals were cultured at 15 °C on 
NGM, shifted to 35  °C as day 1 adults, and assayed for survival hourly beginning at 12  h 
(N  =  39–61). (b) Wild-type (WT), natc-1(am138), daf-16(mu86), and daf-16(mu86);natc- 
1(am138) animals were cultured at 15 °C on NGM, shifted to 35 °C as day 1 adults, and assayed 
for survival hourly. (c) Embryos were cultured on NAMM with 200 mM supplemental zinc. Bars 
indicate the percentage of embryos that generated fertile adults. Genotypes were wild type (WT), 
natc-1(am138), daf-16(mu86), and daf-16(mu86);natc-1(am138) (N  =  49–54). daf-16(mu86) 
animals were similar to wild-type animals, and natc-1(am138) caused significant zinc resistance in 
wild-type and daf-16(mu86) mutant animals
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and showed higher levels of HSP90 than wild-type animals (Fig.  5.8) [48], 
suggesting that a higher activity of HSF-1 may be in part responsible for the 
increased resistance of nematodes to P. aeruginosa. In contrast, this enhanced 
resistance of daf-2(e1370) and daf-16::gfp animals to P. aeruginosa was reduced by 
the RNAi knockdown of hsf-1 (Fig. 5.8) [48]. Additionally, the heat-shock protection 
was not detected in daf-16 RNAi nematodes (Fig. 5.8) [48]. Therefore, the HSF-1- 
regulated proteins may be effectors for the signaling cascade of DAF-2-DAF-16 
required for the pathogen resistance in nematodes.

Fig. 5.8 The enhanced resistance phenotype of daf-2(e1370) and daf-16::gfp animals to P. aeru-
ginosa requires HSF-1 activity [48]. (a, b) Wild-type, daf-2(e1370), and daf-16::gfp animals were 
exposed to P. aeruginosa. (c) daf-2(e1370) grown on E. coli carrying a vector control or expressing 
hsf-1 double-stranded RNA were exposed to P. aeruginosa. (d) daf-16::gfp grown on E. coli carry-
ing a vector control or expressing hsf-1 double-stranded RNA were exposed to P. aeruginosa. (e) 
Wild-type animals grown on E. coli expressing daf-16 double-stranded RNA were untreated or 
HS-treated and exposed to P. aeruginosa. For each condition, 80–100 animals were used. (f) 
Immunological detection of Hsp90 in WT, daf-2(e1370), and daf-16::gfp animals
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5.5.6  Genetic Interaction Between SOD-3 and Antimicrobial 
Proteins in the Regulation of Toxicity of Environmental 
Toxicants or Stresses

In nematodes, it has been further observed that RNAi knockdown of sod-3 could not 
affect the resistance of nematodes overexpressing intestinal lys-1 or lys-8 to GO 
toxicity in inducing intestinal ROS production and in decreasing locomotion 
behavior, although RNAi knockdown of sod-3 could suppress the resistance of 
nematodes overexpressing intestinal dod-6 to GO toxicity in inducing intestinal 
ROS production and in decreasing locomotion behavior (Fig.  5.9) [41]. These 
results imply that LYS-1 and LYS-8 acted in a different genetic pathway from the 
DAF-16-SOD-3 signaling cascade, and DOD-6 acted upstream of SOD-3 to regulate 
the toxicity of environmental toxicants or stresses.

LYS-1 and LYS-8 are two members of the lysozyme family. Genetic interaction 
analysis demonstrated that LYS-1 and LYS-8 functioned redundantly in the 
regulation of GO toxicity, because the GO-exposed double mutant of lys- 
8(ok3504);lys-1(ok2445) exhibited the more severe induction of intestinal ROS 
production and decrease in  locomotion behavior than that in GO-exposed lys- 
1(ok2445) mutant or in GO-exposed lys-8(ok3504) mutant [41]. Meanwhile, after 
GO (10 mg/L) exposure, mutation of lys-1 or lys-8 did not influence the expressions 
of clk-1, gas-1, and isp-1, which are required for the control of oxidative stress [41].

Moreover, it was found that mutation of lys-1 significantly decreased the tran-
scriptional expression of tub-2 in GO (10 mg/L) exposed nematodes, and intestine-
specific RNAi of tub-2 significantly suppressed the resistance of nematodes 
overexpressing intestinal LYS-1 to GO toxicity in inducing ROS production and in 
decreasing locomotion behavior (Fig.  5.10) [41]. tub-2 encodes an ortholog of 
human tubby like protein 4, and intestine-specific RNAi of tub-2 could cause a 
susceptibility to GO toxicity [41]. Besides this, it was also observed that loss-of- 
function mutation of lys-8 significantly decreased the transcriptional expression of 
daf-8 and increased the transcriptional expression of daf-5 in GO (10 mg/L) exposed 
nematodes [41]. In nematodes, daf-5 encodes a transcriptional factor, and daf-8 
encodes a R-Smad protein in the TGF-b signaling pathway. Intestine-specific RNAi 
of daf-8 could cause a susceptibility to GO toxicity in inducing ROS production, 
whereas intestine-specific RNAi of daf-5 caused a resistance to GO toxicity in 
inducing ROS production [41]. Furthermore, intestine-specific RNAi of daf-8 could 
significantly inhibit the resistance of transgenic strain overexpressing intestinal lys- 
8 to GO toxicity in inducing ROS production and in decreasing locomotion behavior 
(Fig. 5.10) [41]. Therefore, these results suggest the formation of signaling cascades 
of DAF-16-LYS-1-TUB-2 and DAF-16-LYS-8-DAF-8-DAF-5  in regulating the 
toxicity of environmental toxicants or stresses in nematodes.
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5.6  Upregulators of Insulin Signaling Pathway in Regulating 
the Toxicity of Environmental Toxicants or Stresses

So far, many upregulators of insulin signaling pathway in regulating the biological 
processes, especially the longevity, have been raised. However, only limited 
upregulators of insulin signaling pathway in regulating the toxicity of environmental 
toxicants or stresses have been identified.

Fig. 5.9 Genetic interaction between SOD-3 and LYS-1, DOD-6, or LYS-8 in the regulation of 
GO toxicity [41]. (a) Genetic interaction between SOD-3 and LYS-1, DOD-6, or LYS-8  in the 
regulation of GO toxicity in inducing intestinal ROS production. (b) Genetic interaction between 
SOD-3 and LYS-1, DOD-6, or LYS-8 in the regulation of GO toxicity in decreasing locomotion 
behavior. (c) A diagram showing the unique role of LTS-1 and LYS-8  in the regulation of GO 
toxicity. Prolonged exposure was performed from L1-larvae to young adults. GO exposure 
concentration was 10 mg/L. Bars represent means ± SD. **p < 0.01
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Fig. 5.10 Genetic interaction assays between LYS-1 or LYS-8 and their target(s) in the regulation 
of GO toxicity [41]. (a) Genetic interaction assays between LYS-1 or LYS-8 and their target(s) in 
the regulation of GO toxicity in inducing intestinal ROS production. (b) Genetic interaction assays 
between LYS-1 or LYS-8 and their target(s) in the regulation of GO toxicity in decreasing 
locomotion behavior. Prolonged exposure was performed from L1-larvae to young adults. GO 
exposure concentration was 10 mg/L. Bars represent means ± SD. **p < 0.01 vs VP303 (if not 
specially indicated)

5 Functions of Insulin and the Related Signaling Pathways in the Regulation…



131

5.6.1  SMK-1

In nematodes, smk-1 encodes a homolog to mammalian SMEK. Under the normal 
conditions, the smk-1(mn156) mutant nematodes have a reduced lifespan, normal 
locomotion behavior, and no significant induction of intestinal ROS production 
[49]. After prolonged exposure to GO (100  mg/L), the smk-1(mn156) mutant 
showed the more severe reduction in lifespan, decrease in locomotion behavior, and 
induction of intestinal ROS production than wild-type nematodes [49]. Similarly, 
the smk-1(mn156) mutant also exhibited the susceptibility to the toxicity of coal 
combustion-related fine particulate matter (PM2.5) in inducing intestinal ROS 
production and in decreasing locomotion behavior [50]. These results suggest the 
potential susceptibility of smk-1(mn156) mutant nematodes to the toxicity of 
environmental toxicants or stresses.

In nematodes, smk-1 is expressed in the intestine, pharynx, neurons, muscle, and 
hypodermis. The tissue-restricted expression of smk-1 in the pharynx, the neurons, 
the muscle, or the hypodermis did not affect the GO toxicity in reducing lifespan 
and in decreasing locomotion behavior in smk-1(mn156) mutant nematodes; how-
ever, expression of smk-1 in the intestine could significantly suppress the GO toxic-
ity in reducing lifespan and in decreasing locomotion behavior in smk- 1(mn156) 
mutant nematodes [49]. That is, SMK-1 acted in the intestine to regulate the GO 
toxicity. Moreover, it was observed that the transgenic strain of Is(Pges-1- smk-1) 
overexpressing intestinal smk-1 had a resistance to the GO toxicity in reducing lifes-
pan and in decreasing locomotion behavior [49], which further confirmed the tissue-
specific activity of SMK-1 in the intestine in the regulation of GO toxicity.

Moreover, it has been shown that the lifespan and the locomotion behavior in GO 
(100 mg/L) exposed double mutant of daf-16(RNAi);smk-1(mn156) were similar to 
those in GO (100 mg/L) exposed single mutant of smk-1(mn156) or daf-16(RNAi) 
nematodes [49], suggesting that SMK-1 and DAF-16 may act in the same genetic 
pathway to regulate the toxicity of environmental toxicants or stresses. More 
importantly, it was found that RNAi knockdown of daf-16 could significantly 
suppress the protective effects of smk-1 overexpression on both the lifespan and the 
locomotion behavior in GO-exposed nematodes (Fig. 5.11) [49], which demonstrates 
that SMK-1 acts upstream of DAF-16 to regulate the toxicity of environmental 
toxicants or stresses in nematodes.

In nematodes, it has been further found that the expressions of sod-3, sod-4, and 
ctl-3 were significantly decreased in smk-1 mutant nematodes compared to wild- 
type N2 after coal combustion-related PM2.5 exposure (Fig. 5.12) [50]. SOD-3 (an 
iron/manganese superoxide dismutase), SOD-4 (an extracellular Cu2+/Zn2+ 
superoxide dismutase), and CTL-3 (a catalase) are considered as the possible 
downstream targets of DAF-16. After exposure to coal combustion-related PM2.5, 
sod-3(RNAi), sod-4(RNAi), or ctl-3(RNAi) nematodes had a significantly higher 
induction of intestinal ROS production and decrease in locomotion compared to the 
wild-type N2 (Fig.  5.12) [50], suggesting the susceptibility of sod-3(RNAi), 
 sod- 4(RNAi), or ctl-3(RNAi) nematodes to the toxicity of coal combustion-related 
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Fig. 5.11 Genetic interaction between smk-1 and daf-16 in regulating GO toxicity in nematodes 
[49]. (a) Genetic interaction between smk-1 and daf-16 in regulating GO toxicity in reducing 
lifespan in nematodes. (b) Genetic interaction between smk-1 and daf-16 in regulating GO toxicity 
in decreasing locomotion behavior in nematodes. (c) Effect of RNAi knockdown of daf-16 gene on 
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PM2.5. These results imply that the possible signaling cascade of SMK-1-DAF-16-
SOD-3/SOD-4/CTL-3 may exist in regulating the toxicity of environmental 
toxicants or stresses in nematodes.

5.6.2  AAK-2

In nematodes, aak-2 encodes a catalytic alpha subunit of AMP-activated protein 
kinases (AMPKs). Multi-walled carbon nanotubes (MWCNTs) is another impor-
tant carbon-based nanomaterials widely used in different fields [51–54]. Previous 
study has indicated that AAK-2 may function upstream of DAF-16 in insulin sig-
naling pathway to regulate the longevity [19]. In nematodes, mutation of aak-2 
induced a susceptibility to the toxicity of both MWCNTs and GO [51, 55]. 
Moreover, it was observed that the lifespan and the locomotion behavior at adult 
day-8  in MWCNTs (1  mg/L) exposed double mutant of daf-16(mu86);aak-
2(om524) were similar to those in MWCNTs (1 mg/L) exposed single mutant of 
aak-2(om524) or daf- 16(mu86) nematodes (Fig. 5.13) [51], implying that AAK-2 
can further act together with DAF-16 in the same genetic pathway to form a signal-
ing cascade of AAK-2- DAF-16 to regulate the toxicity of environmental toxicants 
or stresses in nematodes.

5.6.3  JNK-1

JNK-1 is a core component in the JNK signaling pathway. We have introduced the 
related detailed information in the Chap. 4. It was further observed that the loss-of- 
function mutation of jnk-1 could significantly suppress the nuclear translocation of 
DAF-16 caused by heat stress or ROS stress (induced by H2O2) (Fig. 5.14) [56]. The 
degree of nuclear translocation of DAF-16::GFP was generally and statistically 
significantly lower in the jnk-1 mutant than in the wild type after exposure to heat 
stress or ROS stress (Fig. 5.14) [56]. Moreover, loss-of-function mutation of jnk-1 
could further significantly inhibit the increase in SOD-3::GFP (a direct target of 
DAF-16) induced by heat stress [56]. Therefore, JNK-1 may modulate the 
environmental toxicant- or stress-induced translocation of DAF-16 from the cytosol 
into the cell nucleus in nematodes.

Fig. 5.11 (continued) lifespan in GO-exposed transgenic nematodes overexpressing smk-1 in the 
intestine. (d) Effect of RNAi knockdown of daf-16 gene on locomotion behavior in GO-exposed 
transgenic nematodes overexpressing smk-1 in the intestine. GO exposure concentration was 
100 mg/L. Prolonged exposure was performed from L1-larvae to young adults. Bars represent 
means ± SD. **P < 0.01 vs N2 (if not specially indicated)
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Fig. 5.12 Oxidative stress-related genes acted as downstream regulators of smk-1 in the regulation 
of coal combustion-related PM2.5 toxicity [50]. (a) Expression pattern of genes required for the 
control of oxidative stress in coal combustion-related PM2.5 exposed wild-type and smk-1 mutant 
nematodes. (b) Effect of RNAi knockdown of sod-3, sod-4, or ctl-3 on toxicity of coal combustion- 
related PM2.5 in inducing intestinal ROS production. (c) Effect of RNAi knockdown of sod-3, 
sod- 4, or ctl-3 on toxicity of coal combustion-related PM2.5 in decreasing locomotion behavior. The 
concentration of coal combustion-related PM2.5 was 1 mg/L. Prolonged exposure was performed 
from L1-larvae to young adults at 20  °C in the presence of food. Bars represent mean ± SD. 
**P < 0.01 vs N2 (if not specially indicated)
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Fig. 5.13 Genetic interaction between aak-2 and daf-16 in regulating MWCNTs toxicity in nema-
todes [51]. (a) Genetic interaction between aak-2 and daf-16 in regulating MWCNTs toxicity in 
reducing lifespan in nematodes. (b) Genetic interaction between aak-2 and daf-16 in regulating 
MWCNTs toxicity in decreasing locomotion behavior in nematodes. Exposure concentration of 
MWCNTs was 1 mg/L. Prolonged exposure was performed from L1-larvae to young adults. Bars 
represent means ± SD. **P < 0.01 vs N2
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Fig. 5.14 The temperature- and H2O2-induced nuclear translocation of DAF-16 within intestinal 
cells of C. elegans is lower in a jnk-1 deletion mutant than in the wild-type nematodes [56]. (a) 
Depending on the degree of nuclear GFP fluorescence, three different states of translocation of 
DAF-16::GFP from the cytoplasm into the cell nuclei of intestinal cells can be distinguished: 
cytoplasmic location (cyt; no nuclear GFP fluorescence), intermediate location (int; weak nuclear 
GFP fluorescence), and nuclear location (nuc; strong nuclear GFP fluorescence). (b) After 
incubation at different ambient temperatures, the degree of nuclear DAF-16 translocation within 
intestinal cells was minimal at 15 °C and increased toward lower and higher temperatures both in 
wild-type and mutant worms. In the mutant, however, DAF-16 translocation was significantly 
reduced in comparison to the wild type. (c) The degree of nuclear DAF-16 translocation also 
increased with the incubation period (0–150 min) on NGM plates containing 1 mM H2O2. Again, 
this cellular response was significantly lower in the mutant than in the wild type
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5.6.4  HCF-1

In nematodes, hcf-1 encodes a conserved homolog of host cell factor 1. The hcf- 
1(pk924) mutant nematodes showed the resistant to the paraquat treatment com-
pared to wild-type nematodes at multiple time points (Fig. 5.15) [57]. Moreover, it 
has been found that this paraquat resistance of the hcf-1(pk924) mutants was depen-
dent on daf-16, as the daf-16(mgDf47);hcf-1(pk924) double mutant was sensitive to 
paraquat, similar to that of the daf-16(mgDf47) single mutant (Fig.  5.15) [57]. 
Similarly, the hcf-1(pk924) mutant nematodes were resistant to the cadmium expo-
sure compared to wild-type nematodes at multiple time points, and the cadmium 
resistance of the hcf-1(pk924) mutant was also daf-16-dependent (Fig. 5.15) [57]. It 
has been found that the RNA levels of sod-3, mtl-1, and F21F3.3 encoding a farne-
syl cysteine carboxyl methyltransferase were significantly elevated in both the 

Fig. 5.15 Loss of hcf-1 results in heightened resistance to specific environmental stresses [57]. (a) 
The hcf-1(pk924) mutant worms exhibited increased survival in 200 mM paraquat compared to 
wild-type worms. (b) The enhanced paraquat resistance of hcf-1(pk924) was dependent on daf-16. 
(c) The hcf-1(pk924) mutant worms showed increased survival in CdCl2 (18 mM) that was daf-16 
dependent. (d) The hcf-1(pk924) and hcf-1(ok559) mutants and wild-type worms showed similar 
survival kinetics when cultured at 35 °C. For the stress assays, duplicate to quadruplicate samples 
were examined for each strain. Mean fraction alive indicates the average survival among the 
multiplicates and error bars represent the standard deviation of the multiplicates. p-Value was 
calculated using Student’s t-test. *p < 0.05 when compared to wild type (wt). **p < 0.05 when 
compared to hcf-1(pk924). Each of the stress assays was repeated at least two independent times 
with similar results, and the data of representative experiments are shown
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hcf- 1(ok559) and the hcf-1(pk924) mutants as compared to wild-type nematodes 
[57]. This elevated expression of sod-3, mtl-1, and F21F3.3 in the hcf-1 mutant 
nematodes was also dependent on daf-16, since the levels of sod-3, mtl-1, and 
F21F3.3 in the daf-16(mgDf47);hcf-1(ok559) double mutant remained low and was 
similar to that seen in the daf-16(mgDf47) single mutant nematodes [57]. Meanwhile, 
among the DAF-16-repressed genes, the expression level of C32H11.4 showed a 
greater than twofold downregulation in hcf-1 mutant nematodes compared to wild-
type nematodes, and this repressed expression of C32H11.4 could also be partially 
dependent on daf-16 [57]. Therefore, HCF-1 may act upstream of DAF-16 and 
suppress the function of DAF-16 to regulate the toxicity of environmental toxicants 
or stresses in nematodes.

5.6.5  SIR-2.1/SIRT1

In nematodes, overexpressing sir-2.1 can confer a lifespan extension phenotype that 
is dependent on the DAF-16 [19]. Under the paraquat or t-BOOH exposure 
conditions, the sir-2.1(ok434) mutant nematodes were sensitive, and the hcf- 
1(pk924) mutant nematodes were resistant to the treatments (Fig. 5.16) [58]. It has 
been further observed that, under the paraquat or t-BOOH exposure conditions, 
mutation of hcf-1 could suppress the susceptibility of sir-2.1(ok434) mutant 
nematodes to the toxicity of paraquat or t-BOOH (Fig. 5.16) [58]. These observations 
imply that SIR-2.1 can act upstream of the insulin signaling pathway to regulate the 
toxicity of environmental toxicants or stresses by suppressing the function of 
HCF-1 in nematodes.

In nematodes, it was further found that the DAF-16 and the SIR-2.1 can interact 
even under the stress condition, and this interaction depended on the 14-3-3 proteins 
as the SIR-2.1 binding partners (Fig.  5.17) [59]. The 14-3-3 proteins were also 
required for the SIR-2.1-induced transcriptional activation of DAF-16 and the stress 
resistance [59]. Following the heat stress, SIR-2.1 will bind DAF-16  in a 
14-3-3-dependent manner (Fig. 5.17) [59]. In contrast, the low insulin-like signaling 
did not promote the SIR-2.1/DAF-16 interaction, and thereby sir-2.1 and the 14-3-3 
were not required for the regulation of lifespan by the insulin-like signaling pathway 
[59]. Therefore, very large physical interactions surrounding the DAF-16 may be 
formed during the regulation of toxicity of environmental toxicants or stresses in 
nematodes.

5.6.6  PRDX-2

In nematodes, PRDX-2 is a single cytosolic 2-Cys Prx. Loss-of-function mutation 
of prdx-2 increased the arsenite resistance by increasing both SKN-1 and DAF-16 
activities [60]. Under the normal conditions, there was a significant increase in the 
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Fig. 5.16 hcf-1 acts downstream of sir-2.1 to modulate lifespan and oxidative stress response [58]. 
(a, b) Lifespans of synchronized adult populations of indicated genotypes. (a) Data pooled from 
four independent experiments are plotted. (b) Pooled data from three independent experiments are 
displayed. (c–f) Oxidative stress response of adult worms. (c, d) Day 1 adult worms were exposed 
to 6  mM t-BOOH on plates and their survival monitored through time. The survival curves 
represent pooled data from two independent experiments. (e, f) Day 2 adult worms were exposed 
to 150 mM (e) or 200 mM (f) paraquat in M9 buffer and their survival monitored through time. 
Survival curves are generated using pooled data from two independent experiments (e) or data 
from one of two representative experiments (f)
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nuclear localization of DAF-16::GFP in prdx-2 mutant nematodes (Fig. 5.18) [60]. 
Meanwhile, the expressions of several DAF-16-activated genes (mtl-1, sod-3, gst- 
7), as well as the expression of sod-3p::gfp, were also increased in prdx-2 mutant 
nematodes (Fig. 5.18) [60]. More importantly, it was observed that mutation of daf-
16 or skn-1 could suppress the resistance of prdx-2(RNAi) nematodes to the toxicity 
of arsenite in reducing the lifespan (Fig. 5.18) [60], which suggests that PRDX-2 
acts upstream of both the DAF-16 and the SKN-1 to regulate the toxicity of 
environmental toxicants or stresses in nematodes.

Fig. 5.17 A model for the roles of SIR-2.1 and 14-3-3 in DAF-16 regulation of stress resistance 
and lifespan [59]. It is proposed that, following the stress, SIR-2.1 binds DAF-16 in the nucleus in 
a 14-3-3-dependent manner, and the resulting complex participates in transcriptional activation of 
DAF-16 target genes. 14-3-3 may promote the interaction between SIR-2.1 and DAF-16 either by 
scaffolding the complex or through a modification of DAF-16 or SIR-2.1 following stress. Under 
the low insulin-like signaling conditions, DAF-16 is not phosphorylated at the Akt sites, becomes 
dissociated from 14-3-3, and accumulates in the nucleus. Nuclear DAF-16 produced by low 
insulin-like signaling does not bind SIR-2.1 and does not require sir-2.1 and 14-3-3 function for 
activation
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5.7  Genetic Interaction Between SKN-1 and DAF-16 or 
DAF-2 in Regaling the Toxicity of Environmental 
Toxicants or Stresses

In nematodes, both the FOXO transcriptional factor DAF-16 and the FOXO tran-
scriptional factor SKN-1/Nrf can act downstream of the insulin receptor DAF-2 in 
the insulin signaling pathway to regulate various biological processes, such as the 
stress response [28, 61]. Using intestinal ROS production as the toxicity assessment 
endpoint, it has been shown that the GO toxicity in inducing intestinal ROS 

Fig. 5.18 Loss of PRDX-2 increases arsenite resistance by increasing both SKN-1 and DAF-16 
activities [60]. (a) Loss of prdx-2 causes nuclear accumulation of DAF-16. The localization of a 
DAF-16::GFP fusion protein was assessed in L2/L3 larval stage wild-type and prdx-2 (gk169) and 
age-1 (hx584) mutant animals expressing daf-16a-16::GFP. PRDX-2 deficiency caused nuclear 
accumulation of daf-16a::GFP in the intestinal nuclei. n refers to the number of worms examined 
in each group in the representative experiment shown. (b) prdx-2 mutant animals contain increased 
levels of mRNA for mtl-1, sod-3, and gst-7 compared with wild-type (N2) animals. mRNA levels 
were calculated relative to control (act-1) mRNA in at least six independently prepared RNA 
samples. Each panel depicts the levels of a particular mRNA in prdx-2 mutant normalized to wild 
type (N2). Error bars represent the SEM. (c, d) The survival of L4 larval stage wild-type (N2) and 
daf-16(mu86) and skn-1(zu67) mutant animals microinjected with prdx-2 dsRNA was monitored 
on NGM-L plates containing 10 mM sodium arsenite at indicated time points. (c) Loss of prdx-2 
significantly increased the arsenite resistance of wild-type but not daf-16(mu86) mutant animals. 
(d) prdx-2 RNAi produces a greater increase in the arsenite resistance of wild-type than skn- 
1(zu67) mutant animals
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production in daf-16(mu86);skn-1(RNAi) was more severe than that in daf-16(mu86) 
or in skn-1(RNAi) (Fig. 5.19) [22], suggesting that the SKN-1 and the DAF-16 may 
act in parallel signaling pathways to regulate the toxicity of environmental toxicants 
or stresses in nematodes.

Besides this, the genetic interaction between DAF-2 in insulin signaling pathway 
and SKN-1  in p38 MAPK signaling pathway in regulating GO toxicity was also 
examined. Prolonged exposure to GO (100 mg/L) could cause the similar toxicity 
on lifespan in double mutant of daf-2(e1370);skn-1(RNAi) to that in skn-1(RNAi) 
nematodes (Fig. 5.20) [61], suggesting that RNAi knockdown of skn-1 may poten-
tially suppress the resistance of daf-2 mutant to the GO toxicity. Therefore, both the 
core signaling cascade of p38 MAPK signaling pathway and the insulin receptor 
DAF-2 in the insulin signaling pathway can act upstream of SKN-1 to regulate the 
toxicity of environmental toxicants or stresses in nematodes.

Fig. 5.19 Genetic interaction between DAF-16 and SKN-1 in the regulation of response to GO 
exposure [22]. Prolonged exposure was performed from L1-larvae to young adults. GO exposure 
concentration was 10 mg/L. Bars represent means ± SD. **p < 0.01 versus wild type (if not specially 
indicated)

Fig. 5.20 Genetic interaction between DAF-2 and SKN-1 in regulating GO toxicity in nematodes 
[61]. Prolonged exposure was performed from L1-larvae to young adults. GO exposure 
concentration was 100 mg/L. Bars represent means ± SEM. **P < 0.01
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5.8  Perspectives

So far, a large amount of data has highlighted the possible pivotal function or role 
of the core insulin signaling pathway in the regulation of environmental toxicants or 
stresses in nematodes. Nevertheless, the detailed insulin signaling pathway involved 
in the control of toxicity from different environmental toxicants or stresses may be 
different. At least for the kinase cascade in the insulin signaling pathway, different 
environmental toxicants or stresses may affect different components. More 
importantly, among the large amount of targeted genes (predicted) for daf-16, only 
several genes have been proven to act as the downstream targeted genes for daf-16 
in regulating the toxicity of environmental toxicants or stresses. That is, it is still 
unclear whether the rest of predicted genes can also act as the targeted genes for 
daf-16 in the regulation of toxicity of environmental toxicants or stresses.

As introduced above, the obtained data so far may imply the formation of a large 
physical interaction surrounding the DAF-16  in regulating the toxicity of 
environmental toxicants or stresses. The identification of exact scaffold molecules 
in this large complex may provide an important basis for further screen of related 
components and the thorough elucidation of the underlying mechanism for insulin 
signaling pathway in regulating the toxicity of environmental toxicants or stresses 
in nematodes.
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Chapter 6
Functions of Development-Related 
Signaling Pathways in the Regulation 
of Toxicity of Environmental Toxicants 
or Stresses

Abstract Although the development-related signaling pathways are normally con-
sidered to be required for certain aspects of development, some development- related 
signaling pathways may participate in regulating the toxicity of environmental toxi-
cants or stresses under certain conditions. In this chapter, we introduced and dis-
cussed the involvement of Wnt, TGF-β, Notch, and developmental timing 
control-related signaling pathways in the regulation of toxicity of environmental 
toxicants or stresses and the underlying mechanisms in nematodes. The information 
introduced here further confirms the potential dual roles of some developmental 
related signals in the toxicity induction of environmental toxicants or stresses.

Keywords Development-related signaling pathways · Molecular regulation · 
Environmental exposure · Caenorhabditis elegans

6.1  Introduction

In Chaps. 3, 4, and 5, we have introduced and discussed the value of C. elegans in 
toxicological study and the important functions or roles of oxidative stress, MAPK, 
and insulin signaling pathways in the regulation of toxicity of environmental 
toxicants or stresses [1–14]. Among the molecular signaling pathways involved in 
the regulation of toxicity of environmental toxicants or stresses, the development- 
related signaling pathways are relatively specific. Normally, these development- 
related signaling pathways are required for certain aspects of development. 
Nevertheless, under certain conditions, some development-related signaling 
pathways may also participate in the regulation of toxicity of environmental 
toxicants or stresses in nematodes. That is, at least some development-related 
signaling pathways may have dual roles in organisms.

In this chapter, we first introduced and discussed the involvement of Wnt, TGF- 
β, and Notch signaling pathways in the regulation of toxicity of environmental 
toxicants or stresses and the underlying mechanisms. Moreover, we introduced and 
discussed the important function of developmental timing control-related signals, 
especially the let-7-mediated developmental related signals in the regulation of 
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toxicity of environmental toxicants or stresses in nematodes. The information 
introduced here implies the dual roles of developmental related signals in the 
toxicity induction of environmental toxicants or stresses. That is, on the one hand, 
environmental exposure to certain toxicants or stresses may induce the developmental 
toxicity by dysregulating developmental related signals. On the other hand, the 
dysregulation of certain developmental related signals may itself regulate the 
toxicity induction of environmental toxicants or stresses.

6.2  Wnt Signaling Pathway

6.2.1  Involvement of Certain Wnt Ligands in Regulating 
the Toxicity of Environmental Toxicants or Stresses

In nematodes, five Wnt ligands have been identified in the Wnt signaling pathway, 
and they are LIN-44, EGL-20, MOM-2, CWN-1, and CWN-2. Graphene and its 
derivatives, such as graphene oxide (GO), can be used in many industrial and medi-
cal fields, and meanwhile some of the members may potentially cause the toxicity 
on several aspects in nematodes [15–22]. With the GO as an example, among these 
Wnt ligands, it has been found that mutation of mom-2 or egl-20 could not affect the 
formation of GO toxicity in inducing intestinal ROS production and in decreasing 
locomotion behavior (Fig. 6.1) [23]. In contrast, mutation of cwn-1 or lin-44 induced 
a resistance to GO toxicity in inducing intestinal ROS production and in decreasing 
locomotion behavior; however, mutation of cwn-2 induced a susceptibility to GO 
toxicity in inducing intestinal ROS production and in decreasing locomotion behav-
ior (Fig. 6.1) [23]. Therefore, the Wnt ligands of CWN-1, CWN- 2, and LIN-44 play 
an important role in regulating the toxicity of environmental toxicants or stresses.

Moreover, mutation of cwn-2 enhanced the intestinal permeability in GO-exposed 
nematodes, and mutation of cwn-1 inhibited the intestinal permeability in 
GO-exposed nematodes as indicated by the analysis on Nile Red signal [23]. 
Furthermore, lin-44 mutation suppressed mean defecation cycle length in 
GO-exposed nematodes [23]. Therefore, Wnt ligands may regulate the toxicity of 
environmental toxicants or stresses through different underlying cellular 
mechanisms.

6.2.2  Genetic Interactions of Wnt Ligands in Regulating 
the Toxicity of Environmental Toxicants or Stresses

Genetic interaction analysis demonstrated that mutation of cwn-1 or lin-44 could 
inhibit the susceptibility of cwn-2(ok895) mutant to GO toxicity in inducing 
intestinal ROS production and in decreasing locomotion behavior (Fig. 6.2) [23]. 
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Additionally, CWN-1 and LIN-44 functioned in the same genetic pathway to 
regulate the GO toxicity in inducing intestinal ROS production and in decreasing 
locomotion behavior (Fig.  6.2) [23]. Moreover, the lin-44(n1792); cwn- 
1(ok546);cwn-2(ok895) triple mutant nematodes showed the similar induction of 
intestinal ROS production and locomotion behavior to those in cwn-1(ok546); cwn- 
2(ok895), lin-44(n1792);cwn-1(ok546), or lin-44(n1792);cwn-2(ok895) double 
mutant nematodes (Fig. 6.2) [23], which implies that these Wnt ligand signals may, 
as a whole, positively regulate the toxicity of environmental toxicants or stresses in 
nematodes.

Fig. 6.1 Effects of cwn-1, cwn-2, mom-2, egl-20, or lin-44 mutation on GO toxicity in nematodes 
[23]. (a) Effects of cwn-1, cwn-2, mom-2, egl-20, or lin-44 mutation on GO toxicity in inducing 
intestinal ROS production. (b) Effects of cwn-1, cwn-2, mom-2, egl-20, or lin-44 mutation on GO 
toxicity in decreasing locomotion behavior. GO exposure concentration was 100 mg/L. Prolonged 
exposure was performed from L1-larvae to young adults. Bars represent means ± SD. **P < 0.01 vs 
wild type

6.2 Wnt Signaling Pathway
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Fig. 6.2 Genetic interactions of Wnt ligands in regulating GO toxicity in nematodes [23]. (a) 
Genetic interactions of Wnt ligands in regulating GO toxicity in inducing intestinal ROS production 
in nematodes. (b) Genetic interactions of Wnt ligands in regulating GO toxicity in decreasing 
locomotion behavior in nematodes. GO exposure concentration was 100 mg/L. Prolonged exposure 
was performed from L1-larvae to young adults. Bars represent means ± SD. **P < 0.01 vs wild type 
(if not specially indicated)
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6.2.3  Involvement of Canonical Wnt/β-Catenin Signaling 
Pathway in Regulating the Toxicity of Environmental 
Toxicants or Stresses

In nematodes, bar-1 encodes β-catenin in canonical Wnt signaling pathway. Wnt 
ligand(s) binds to Frizzled receptors (LIN-17, MOM-5, MIG-1, or CFZ-2), and then 
activates Dishevelled proteins (MIG-5, DSH-1, and/or DSH-2) [24]. The Dishevelled 
proteins further suppress the activity of APC complex (containing APR-1/Axin, 
PRY-1/CK1a, KIN-19, and GSK-3) in order to stabilize the activity of BAR-1 [24].

In nematodes, mutation of bar-1 induced a susceptibility to some aspects of GO 
toxicity, such as induction of ROS production and decrease in locomotion behavior 
(Fig. 6.3) [25]. After prolonged exposure, GO (1 mg/L) could significantly decrease 
the bar-1 expression in wild-type nematodes (Fig. 6.3) [25], implying that long- 
term exposure to GO may potentially suppress the bar-1 expression.

GO (1 mg/L) exposure increased the expressions of apr-1 and gsk-3 encoding 
components of APC complex [25]. Mutation of apr-1 or gsk-3 induced a resistance 
to some aspects of GO toxicity, such as induction of ROS production and decrease 
in locomotion behavior [25]. More importantly, RNAi knockdown of bar-1 inhibited 
the resistance of apr-1 or gsk-3 mutants to GO toxicity [25], suggesting that APR-1 
and GSK-3 act upstream of BAR-1  in regulating the toxicity of environmental 
toxicants or stresses.

Among the genes encoding the Dishevelled proteins, prolonged exposure to GO 
(1  mg/L) could significantly decrease the expressions of dsh-1 and dsh-2 [25]. 
Meanwhile, mutation of dsh-1 or dsh-2 induced a susceptibility to GO toxicity in 
inducing intestinal ROS production and in decreasing locomotion behavior [25]. 
Moreover, it was found that RNAi knockdown of apr-1 or gsk-3 could significantly 
suppress the susceptibility of dsh-1 or dsh-2 mutant nematodes to GO toxicity in 
inducing intestinal ROS production and in decreasing locomotion behavior [25], 
which suggests that DSH-1 and DSH-2 act upstream of APR-1 or GSK-3  in 
regulating the toxicity of environmental toxicants or stresses.

Among the genes encoding the Frizzled receptors, prolonged exposure to GO 
(1 mg/L) could significantly decrease the expressions of mom-5 and cfz-2 (Fig. 6.4) 
[25]. Meanwhile, mutation of mom-5 or cfz-2 induced a susceptibility to GO toxicity 
in inducing intestinal ROS production and in decreasing locomotion behavior 
(Fig.  6.4) [25]. Moreover, it was found that Frizzled receptors of MOM-5 and 
CFZ-2 act in the same genetic pathway with DSH-1 or DSH-2 to regulate the 
toxicity of environmental toxicants or stresses in nematodes (Fig. 6.4) [25].

6.2 Wnt Signaling Pathway
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Fig. 6.3 BAR-1 regulated GO toxicity in nematodes [25]. (a) Effect of GO exposure on bar-1 
expression in wild-type nematodes. Bars represent means ± SD. **P < 0.01 vs control. (b) BAR-1 
regulated GO toxicity in inducing intestinal ROS production. Bars represent means ± SD. 
**P < 0.01 vs wild type (if not specially indicated). (c) BAR-1 regulated GO toxicity in decreasing 
locomotion behavior. Bars represent means ± SD. **P  <  0.01 vs wild type (if not specially 
indicated). Prolonged exposure was performed from L1-larvae to young adults. GO exposure 
concentration was 1 mg/L

6.2.4  Role of HMP-2 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

In nematodes, HMP-2 is another β-catenin protein. HMP-2 is required for the con-
trol of development of intestinal apical junctions, especially the tissue integrity of 
intestinal tube [26]. VP303 strain is a tool for intestine-specific RNAi of certain 
genes in nematodes [27]. VP303 was used as an intestine-specific RNAi knockdown 
tool, and intestinal ROS production was used as an endpoint to assess the potential 
toxicity of GO exposure on intestinal function. Under the normal conditions, intes-
tine-specific RNAi knockdown of hmp-2 cannot result in the induction of significant 
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intestinal ROS production (Fig. 6.5) [28]. After acute exposure to GO, among the 
examined genes required for the control of development of intestinal apical junc-
tions, although intestine-specific RNAi knockdown of dlg-1, ajm-1, egl-8, lin-7, 
hmp-1, or hmr-1 did not significantly influence the induction of intestinal ROS pro-
duction, intestine-specific RNAi knockdown of hmp-2 caused the enhanced induc-
tion of intestinal ROS production (Fig.  6.5) [28]. Additionally, intestine- specific 
RNAi knockdown of hmp-2 significantly enhanced the accumulation of GO/Rho B 
in the body of nematodes [28]. These results demonstrate the important role of 
HMP-2 in regulating the toxicity of environmental toxicants or stresses.

Fig. 6.4 Role of Frizzled receptors in the regulation of GO toxicity in nematodes [25]. (a) Effect 
of GO exposure on expression of genes encoding Frizzled receptors in wild-type nematodes. Bars 
represent means ± SD. **P < 0.01 vs control. (b) Role of Frizzled receptors in the regulation of GO 
toxicity in inducing intestinal ROS production. Bars represent means ± SD. **P < 0.01 vs wild type. 
(c) Role of Frizzled receptors in the regulation of GO toxicity in decreasing locomotion behavior. 
Bars represent means ± SD. **P < 0.01 vs wild type. Prolonged exposure was performed from 
L1-larvae to young adults. GO exposure concentration was 1 mg/L
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6.2.5  Identification of Downstream Targets for β-Catenin 
BAR-1 in Regulating the Toxicity of Environmental 
Toxicants or Stresses

Among the potential targets (LIN-39, MAB-5, and EGL-5) of BAR-1, GO (1 mg/L) 
exposure suppressed egl-5 expression, and egl-5 mutation induced a susceptibility 
to GO toxicity (Fig.  6.6) [25]. Moreover, it was found that BAR-1 and EGL-5 

Fig. 6.5 Effects of intestine-specific RNAi knockdown of intestine-developmental related genes 
on GO toxicity [28]. (a) Effects of intestine-specific RNAi knockdown of genes required for the 
control of development of intestinal apical domain on GO toxicity in inducing intestinal ROS 
production. (b) Effects of intestine-specific RNAi knockdown of genes required for the control of 
development of intestinal basolateral domain on GO toxicity in inducing intestinal ROS production. 
(c) Effects of intestine-specific RNAi knockdown of genes required for the control of development 
of intestinal apical junctions on GO toxicity in inducing intestinal ROS production. Acute exposure 
was performed from L4-larvae for 24 h. GO exposure concentration was 10 mg/L. Bars represent 
means ± SD. **P < 0.01 vs VP303 (if not specially indicated)
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Fig. 6.6 Role of EGL-5  in the regulation of GO toxicity in nematodes [25]. (a) Effect of GO 
exposure on expression of genes encoding downstream mediators of BAR-1 in nematodes. Bars 
represent means ± SD. **P < 0.01 vs control. (b) Genetic interaction between BAR-1 and EGL-5 in 
the regulation of GO toxicity in inducing intestinal ROS production. Bars represent means ± SD. 
**P < 0.01 vs wild type (if not specially indicated). (c) Effect of egl-5 mutation on expression of 
genes required for the control of oxidative stress after GO exposure. Bars represent means ± SD. 
**P < 0.01 vs wild type (GO). Prolonged exposure was performed from L1-larvae to young adults. 
GO exposure concentration was 1 mg/L. (d) A diagram showing the signaling cascade of canonical 
Wnt/β-catenin signaling in the regulation of GO toxicity in nematodes

function in the same pathway to regulate the GO toxicity (Fig. 6.6) [25]. EGL-5 is 
a homeodomain transcription factor. Similarly, after the infection with 
Staphylococcus aureus, transcriptional profiling and reverse genetic analysis sug-
gested that mutation of bar-1 or its downstream homeobox gene egl-5 resulted in a 
defective response and hypersensitivity to S. aureus infection [29].

Additionally, mutation of egl-5 could significantly increase the expression of clk- 
1, sod-1, sod-3, and sod-4 and decrease the expression of gas-1 in GO-exposed 
nematodes (Fig.  6.6) [25]. Thus, a signaling cascade of MOM-5/CFZ-2-DSH-1/
DSH-2-APR-1/GSK-3-BAR-1-EGL-5  in the canonical Wnt/β-catenin signaling 
pathway has been raised for the control of toxicity of environmental toxicants or 
stresses, such as GO exposure.
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6.2.6  Genetic Interactions Between β-Catenin BAR-1 
and Other Signaling Pathways in Regulating the Toxicity 
of Environmental Toxicants or Stresses

Genetic analysis has indicated that a synergistic effect between BAR-1 and DAF-16 
was formed during the control of GO toxicity (Fig.  6.7) [25]. Additionally, a 
synergistic effect between BAR-1 and PMK-1 was also formed during the control 
of GO toxicity (Fig.  6.7) [25]. That is, Wnt/β-catenin signaling can function in 
parallel with p38 MAPK signaling or insulin signaling in regulating the toxicity of 
environmental toxicants or stresses in nematodes.

Fig. 6.7 Genetic interaction between BAR-1 with DAF-16 or p38 MAPK/PMK-1 in the regula-
tion of GO toxicity in nematodes [25]. (a) Genetic interaction between BAR-1 with DAF-16 or p38 
MAPK/PMK-1  in the regulation of GO toxicity in inducing intestinal ROS production. Bars 
represent means ± SD. **P < 0.01 vs wild type (if not specially indicated). (b) Genetic interaction 
between BAR-1 with DAF-16 or p38 MAPK/PMK-1 in the regulation of GO toxicity in decreasing 
locomotion behavior. Bars represent means ± SD. **P  <  0.01 vs wild type (if not specially 
indicated). Prolonged exposure was performed from L1-larvae to young adults. GO exposure 
concentration was 1 mg/L
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6.3  TGF-β Signaling Pathway

The basic information for the TGF-β signaling pathway in nematodes has been well 
descried in the review (Fig. 6.8) [30].

6.3.1  DBL-1-Mediated TGF-β Signaling Pathway

6.3.1.1  Involvement of DBL-1 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

Both bacterial and fungal pathogens are toxic for animals, and the nematodes can 
respond to the invading pathogens [31–37]. The dbl-1 mutants exhibited a dramati-
cally reduced lifespan in the presence of S. marcescens Db11 or S. marcescens 
Db1140 relative to wild-type nematodes (Fig. 6.9) [38]. Meanwhile, although they 

Fig. 6.8 TGF-β signaling pathway [30]. The left image shows the Sma/Mab TGF-β-related path-
way. In this pathway, DBL-1 signal (red) is received by a heterotetrameric receptor composed of 
two SMA-6 type I receptor and two DAF-4 type II receptor subunits (light and dark orange, respec-
tively). Extracellular regulators (yellows) of DBL-1 signaling include CRM-1, which acts at the 
sending cell membrane or in the extracellular space to promote DBL-1 signaling, SMA-10 and 
DRAG-1, which promote DBL-1 signaling at the membrane of the receiving cell, and LON-2/
glypican, which inhibits DBL-1 signaling at the receiving cell. The DBL-1 signal is transduced by 
SMA-2, SMA-3, and SMA-4 Smads (greens). Transcription factors (blue) that act with Smads to 
carry out DBL-1-mediated responses include SMA-9/Schnurri, LIN-31/forkhead, and MAB-31. 
The right image shows the dauer TGF-β related pathway. In this pathway, DAF-7 promotes 
continuous, non-dauer development. The DAF-7 signal (red) is received by a heterotetrameric 
receptor composed of two DAF-1 type I receptor and two DAF-4 type II receptor subunits (light 
and dark orange, respectively). BRA-1/BMP receptor-associated protein (BRAM) (yellow) is a 
negative intracellular regulator of DAF-1. The DAF-7 signal is transduced by DAF-8 and DAF-14 
Smads (light greens). These components, when activated, inhibit the functions of DAF-3/Co-Smad  
(dark green) and DAF-5/Sno/Ski (indigo), which promote dauer development. The Smad/Ski  
model shown is not definitive
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showed a reduced lifespan when grown on living OP50, the dbl-1 mutants were 
more susceptible to infection by OP50 than wild-type nematodes (Fig. 6.9) [38]. 
Additionally, the dbl-1 mutants were visibly sick when grown on live OP50, but not 
when grown on the heat-killed [38]. Therefore, the TGF-β ligand DBL-1 is involved 
in the regulation of toxicity of environmental toxicants or stresses in nematodes.

Fig. 6.9 Modulation of the resistance of C. elegans to infection [38]. (a) Transgenic worms 
expressing lys-1::GFP resist infection by S. marcescens. Representative time courses of the 
survival of control worms (IG66; squares) or worms expressing lys-1::GFP (IG36; circles) in the 
presence of E. coli OP50 (open symbols) and S. marcescens strains Db11 (closed symbols) and 
Db1140 (open symbols, dashed lines). The increase in the survival of IG36 relative to IG66 on 
Db1140 is very significant. (b, c) dbl-1 mutants are vulnerable to infection. Representative time 
courses of the survival of wild-type N2 worms (triangles) and dbl-1(nk3) mutants (diamonds) in 
the presence of (b) S. marcescens Db11 (closed symbols) and Db1140 (open symbols, dashed 
lines) and (c) E. coli OP50 (open symbols) or heat-killed OP50 (closed symbols, dashed lines). 
While the difference between the survival of wild-type worms on OP50 and on heat-killed OP50 
is not extremely significant, that for dbl-1 mutants is. All tests were repeated at least three times, 
starting with 50 worms under each condition per test
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6.3.1.2  Involvement of Signaling Cascade of SMA-6-SMA-2/SMA-3/
SMA-4 in the Regulation of Toxicity of Environmental Toxicants 
or Stresses

The small body size phenotype (Sma) and male tail abnormal phenotype (Mab) of 
daf-4 led to genetic identification of sma-2, sma-3, and sma-4 genes. In nematodes, 
SMA-6, SMA-3, SMA-2, and SMA-4 were found to be involved in the control of 
innate immune response to pathogen infection [39, 40]. On the pathogen infection, 
some of the highest induced targets of the Sma/Mab pathway are at least lectins and 
lysozymes [40]. Additionally, some of the genes whose regulation changes on 
bacterial infection overlap with known downstream targets of the Sma/Mab pathway 
[40]. Therefore, the signaling cascade of SMA-6-SMA-2/SMA-3/SMA-4 is 
involved in the regulation of toxicity of environmental toxicants or stresses in 
nematodes.

6.3.2  DAF-7-Mediated TGF-β Signaling Pathway

6.3.2.1  Involvement of DAF-7 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

In nematodes, the UV-activated TiO2NPs could lead to the significant reproductive 
toxicity [41]. Meanwhile, an increased expression of daf-7 was observed in 
nematodes exposed to UV + TiO2NPs (Fig. 6.10) [41]. This suggests the involvement 
of DAF-7-mediated TGF-β signaling pathways in the reproductive failure induced 

Fig. 6.10 The expression of TGF-βÿ pathway genes (daf-7, daf-1, and daf-5) and JAK/STAT 
pathway genes (sta-1, sos-1, and sem-5) in wild type (a) and TGF-β pathway genes (daf-7, daf-1, 
and daf-5) in sta-1 mutant (b) [41]. Wild-type and sta-1 mutant C. elegans were exposed to 
TiO2NPs, UV, and UV + TiO2NPs, and gene expression was analyzed using qRT-PCR. The results  
were expressed as the mean value compared to Control (Control = 1, n = 3; mean standard error of  
the mean; two-tailed t-test, *p < 0.05; **p < 0.01)
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by UV-activated TiO2NPs. Additionally, it was observed that mutation of daf-7 
could strengthen the reproductive toxicity induced by UV + TiO2NPs [41]. 
Therefore, DAF-7 may be involved in the regulation of toxicity of environmental 
toxicants or stresses in nematodes.

6.3.2.2  Involvement of Signaling Cascade of DAF-8-DAF-5 
in the Regulation of Toxicity of Environmental Toxicants or 
Stresses

In C. elegans, intestine-specific RNAi knockdown or mutation of daf-8 induced in a 
susceptibility to GO toxicity in inducing intestinal ROS production, whereas 
intestine-specific RNAi knockdown or mutation of daf-5 induced a resistance to GO 
toxicity in inducing intestinal ROS production (Fig.  6.11) [42]. daf-5 encodes a 
transcriptional factor, and daf-8 encodes a R-Smad protein. Genetic interaction 
analysis further indicated that double mutations of daf-8 and daf-5 induced a 
resistance to GO toxicity in inducing intestinal ROS production and in decreasing 
locomotion behavior (Fig. 6.11) [42]. That is, mutation of daf-5 could suppress the 

Fig. 6.11 Genetic interaction between DAF-8 and DAF-5 in the regulation of GO toxicity [42]. 
(a) Genetic interaction between DAF-8 and DAF-5 in the regulation of GO toxicity in inducing 
intestinal ROS production. (b) Genetic interaction between DAF-8 and DAF-5 in the regulation of 
GO toxicity in decreasing locomotion behavior. (c) A diagram showing the mechanisms for the 
function of antimicrobial proteins in the regulation of GO toxicity. Prolonged exposure was 
performed from L1-larvae to young adults. GO exposure concentration was 10  mg/L.  Bars 
represent means ± SD. **p < 0.01 vs wild type (if not specially indicated)
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susceptibility of daf-8(e1393) mutant to GO toxicity. Therefore, a signaling cascade 
of DAF-8-DAF-5 can be formed during the regulation of toxicity of environmental 
toxicants or stresses in nematodes.

In nematodes, lys-8 mutation inhibited the daf-8 expression and increased the 
daf-5 expression after GO exposure [42]. Intestine-specific daf-8 RNAi knockdown 
suppressed the resistance of animals with intestinal lys-8 overexpression to GO 
toxicity [42]. Therefore, DAF-16-LYS-8 in the insulin signaling pathway can act 
upstream the signaling cascade of DAF-8-DAF-5 in the TGF-β signaling pathway 
to regulate the toxicity of environmental toxicants or stresses in nematodes.

6.3.2.3  DAF-7-Mediated TGF-β Signaling Pathway Is Involved 
in the Control of Stress-Induced Sleep

In organisms, the stress-induced sleep (SIS) is characterized by the cessation of 
motor activity and the rapidly reversible reduction in sensory responsiveness, which 
appears to be beneficial, conferring a survival advantage compared to sleepless 
animals under the same conditions. Mutations in daf-7, but not daf-2, interfered 
with SIS (Fig. 6.12) [43], indicating that the TGF-β was required. An SIS defect 
could also be observed in an rf mutation in the TGF-β type-1 coreceptor, encoded 
by daf-1, and the disruption of SIS in daf-7 mutants was greater for locomotor 
quiescence (Fig. 6.12) [43].

The daf-5 and daf-3 mutants for SIS were similar to the wild-type nematodes 
(Fig.  6.12) [43]. The sleep of daf-3;daf-7 double mutants were similar to daf-3 
single mutant nematodes (Fig. 6.12) [43], suggesting that the DAF-7 promotes SIS 
by antagonizing the DAF-3 activity. Moreover, after the use of multiple transgenic 
lines of daf-1(rf) to target expression of DAF-1 to all neurons or specifically to the 
RIM/RIC interneurons, DAF-1 expression exclusively in the RIM/RIC was 
sufficient to rescue the daf-1 SIS defect (Fig. 6.12) [43], indicating the important 
role of possible signaling cascade of DAF-1-DAF-3/DAF-5  in the RIM/RIC 
interneurons to regulate the SIS in nematodes.

6.4  Notch Signaling Pathway

6.4.1  Role of GLP-1 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

glp-1 encodes an N-glycosylated transmembrane receptor of LIN-12/Notch signal. 
In nematodes, Pseudomonas aeruginosa infection could cause a number of neural 
changes that are hallmarks of the neurodegeneration [44]. Using the germline- 
deficient mutant of glp-1(e2141), it was observed that the glp-1(e2141) mutant 
nematodes displayed reduced levels of neurodegeneration following the P. 
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aeruginosa infection (Fig. 6.13) [44], confirming that the sterility induced by glp-1 
mutation may confer protective effects to neurons in response to pathogen infection 
in nematodes.

Besides this, it was further found that the glp-1 mutant nematodes exhibit an 
enhanced resistance to a wide array of pathogens, including the Gram-negative bac-
teria P. aeruginosa and S. enterica, the Gram-positive bacterium E. faecalis, and the 
fungal pathogen C. neoformans (Fig. 6.14) [45]. Therefore, GLP-1 plays an impor-
tant function in regulating the toxicity of environmental toxicants or stresses in 
nematodes.

Fig. 6.12 TGF-β signaling is required in the RIM/RIC interneurons to promote SIS [43]. (a) daf- 
2(rf) mutants exhibit normal UV-induced sleep, while daf-7(rf) and daf-1(rf) mutants are severely 
impaired. (b) rf mutations in daf-2/insulin signaling display wild-type, heat-induced locomotor 
quiescence, while (rf) mutations in daf-7 and daf-1, components of TGF-β signaling, are severely 
impaired for locomotor quiescence during SIS. daf-3/Co-SMAD(rf) mutants do not show a 
significant SIS defect. (c) Only daf-1(rf) mutants show a significant defect in heat-induced feeding 
quiescence. (d) daf-7 is required downstream of ALA activation for EGF-induced sleep. Mild heat 
exposure was used to induce EGF-OE and 2 h later animals were examined for immobility as a 
measure of EGF-induced sleep. (e) Satiety quiescence is not mediated by components of the SIS 
pathway. Animals lacking a functional ALA neuron (ceh-17 mutants and ALA laser-ablated 
animals) show wild-type satiety quiescence, as do let-23/EGFR(rf) and plc-3/PLC-g null mutant 
animals. (f) daf-3(e1376) fully suppresses the SIS defect of daf-7(ok3125). (g) daf-1 expression 
under the endogenous daf-1, pan-neuronal egl-3, and RIM/RIC-specific tdc-1 promoters rescues 
the SIS defect of daf-1(m40) mutants. Cessation of locomotion and feeding were examined as 
measures of SIS after a 45 s exposure to UV light or an 11 min, heat shock as indicated above each 
graph. The total number of animals examined is indicated at the bottom of each bar. Error bars 
represent SEM. One-way ANOVA with Dunnett’s (a–c, e), Tukey’s (f, g), or Student’s t-test (d). **  
P # 0.001, *** P # 0.001, **** P # 0.0001. ns not significant vs wild type (unless otherwise  
indicated by connecting bars on graph)
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6.4.2  Genetic Interaction Between GLP-1 and Insulin Signal 
in the Regulation of Toxicity of Environmental Toxicants 
or Stresses

In nematodes, genetic analysis demonstrated that RNAi knockdown of daf-16 in the 
insulin signaling pathway could suppress the resistance of glp-1(e2141) mutant 
nematodes to the pathogen-induced neurodegeneration (Fig. 6.15) [44], suggesting 
that the DAF-16 is required for the resistance to the pathogen-induced neurodegen-
eration of glp-1(e2141) mutant nematodes. Nevertheless, daf-16 RNAi did not fully 
suppress the enhanced resistance to P. aeruginosa-induced neurodegeneration of 
glp-1(e2141) mutant nematodes (Fig. 6.15) [44], implying that some other signals 
might be also involved in this process.

Similarly, it was observed that daf-16 RNAi inhibited the enhanced resistance to 
C. neoformans of glp-1 mutant nematodes, although daf-16 RNAi had no effect on 
the resistance to C. neoformans of wild-type nematodes (Fig. 6.16) [45]. Additionally, 

Fig. 6.13 Germline-deficient animals are resistant to neurodegeneration induced by P. aeruginosa 
[44]. (a) Location of the mutation in both fertile and sterile ac319 animals. A deletion of 11,490 bp 
on chromosome X from 18,338 to 29,827 was identified. (b) Neurodegeneration rates in pgl- 
1(bn101), mes-1(bn7), ac319, and ac319;Pmes-1::mes-1 young animals crossed with strain 
OH3192. (c) Neurodegeneration rate in glp-1(e2141) and glp-4(bn2) animals crossed with strain 
OH3192. Young adult nematodes were cultured on full lawn plates of P. aeruginosa for 30 h at 
25 °C. Asterisks indicate significant differences (*, p < 0.05; **, p < 0.01). The graph represents 
the combined results of three independent experiments (n = 30–60 animals). Bars, mean ± S.E. 
(error bars)
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daf-16 RNAi also shortened the lifespan of glp-1 mutant nematodes grown on lawns 
of both live and killed E. coli (Fig. 6.16) [45].

In nematodes, infection with the C. neoformans decreased the DAF-16 nuclear 
location (Fig. 6.17) [45]. Moreover, it was further found that glp-1 mutation signifi-
cantly increased the DAF-16 nuclear location in nematodes after infection with the 

Fig. 6.14 Germline-deficient mutants exhibit different responses to pathogens [45]. Wild-type, 
glp-4(bn2) mutant, and glp-1(e2141) mutant nematodes were exposed to (a) E. coli, (b) P. 
aeruginosa, (c) S. enterica, (d) E. faecalis, and (e) C. neoformans. Significant differences were 
found when wild-type nematodes were compared to glp-1(e2141) mutants on all five pathogens. 
Significant differences were also found when wild-type nematodes were compared to glp-4(bn2) 
mutants on P. aeruginosa, E. faecalis, and C. neoformans but not on E. coli nor S. enterica. 160–
300 nematodes were used for each condition
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C. neoformans (Fig. 6.17) [45]. Under the normal conditions, the glp-1 mutation 
also significantly increased the DAF-16 nuclear location (Fig.  6.17) [45]. These 
results suggest that GLP-1 acts upstream of DAF-16 in the insulin signaling path-
way to regulate the toxicity of environmental toxicants or stresses in nematodes.

6.5  Developmental Timing Control-Related Signals

6.5.1  Involvement of let-7 in Regulating the Toxicity 
of Environmental Toxicants or Stresses

let-7 is one of the founding members of the miRNA family firstly identified with the 
function in regulating the timing of larval and adult transition [46, 47]. In nematodes, 
prolonged exposure to MWCNTs (10 μg/L) or P. aeruginosa PA14 infection could 
cause the significant decrease in the expression of let-7::GFP (Fig. 6.18) [48, 49]. 
Moreover, mutation of let-7 induced a resistance to MWCNTs toxicity in inducing 
intestinal ROS production and in decreasing locomotion behavior or to P. aeruginosa 
PA14 infection in increasing colony of P. aeruginosa PA14 and in reducing lifespan 
[48]. These results suggest the important function of let-7 in the regulation of 
environmental toxicants or stresses in nematodes.

Fig. 6.15 DAF-16 is required for the resistance to P. aeruginosa-induced neurodegeneration of 
germline-deficient animals [44]. Shown are neurodegeneration rates in glp-1(e2141) and mes- 
1(bn7) animals crossed with strain OH3192. The animals were grown on control or daf-16 RNAi 
plates until the young adult stage and then cultured on full lawn plates of P. aeruginosa for 30 h at 
25  °C.  The graph represents the combined results of three independent experiments (n  =  30 
animals). Bars, mean ± S.E. (error bars)
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Fig. 6.16 Increased resistance and longevity in germline-deficient mutants requires DAF-16 [45]. 
Wild-type, glp-4(bn2) mutant, and glp-1(e2141) mutant nematodes grown on E. coli carrying a 
vector control plasmid or expressing daf-16 dsRNA were exposed to (a) C. neoformans, (b) E. 
coli, or (c) heat-killed E. coli. Significant differences were found when glp-4(bn2);daf-16(RNAi) 
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6.5.2  Tissue-Specific Activity of let-7 in the Regulation 
of Toxicity of Environmental Toxicants or Stresses

After P. aeruginosa PA14 infection, expression of let-7 in the pharynx, the muscle, 
or the hypodermis did not significantly affect the survival and the CFU of P. 
aeruginosa PA14 in let-7(mg279) mutant nematodes (Fig. 6.19) [49]. In contrast, 
after P. aeruginosa PA14 infection, expression of let-7 in the intestine or the neurons 
significantly reduced the survival, increased the CFU of P. aeruginosa PA14, and 
decreased the expressions of antimicrobial genes (lys-1, dod-22, K08D8.5, 
F55G11.7, and F55G11.4) in let-7(mg279) mutant nematodes (Fig. 6.19) [49]. The 
survival, CFU of P. aeruginosa PA14, or expression patterns of antimicrobial genes 
(lys-1, dod-22, K08D8.5, F55G11.7, and F55G11.4) in P. aeruginosa PA14-infected 
transgenic strain of let-7(mg279)Ex(Pges-1-let-7) or let-7(mg279)Ex(Punc-14- 
let-7) were similar to those in P. aeruginosa PA14-infected wild-type nematodes 
(Fig. 6.19) [49]. Additionally, the nematodes overexpressing let-7 in the intestine or 
the neurons were susceptible to P. aeruginosa PA14 infection [49]. Therefore, let-7 
can act in the intestine or the neurons to regulate the toxicity of environmental toxi-
cants or stresses in nematodes.

6.5.3  Downstream Targets of let-7 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

6.5.3.1  HBL-1 and LIN-41

HBL-1 and LIN-41 are the normally considered direct targets for let-7 during the 
regulation of timing of larval and adult transition [46, 47]. In nematodes, prolonged 
exposure to MWCNTs (10 μg/L) could significantly increase the expressions of 
both hbl-1 and lin-41 [48]. In MWCNTs exposed nematodes, let-7 mutation could 
significantly increase the expressions of both the hbl-1 and the lin-41 [48]. Different 
from the phenotype in let-7 mutant, mutation of hbl-1 or lin-41 induced a 
susceptibility to MWCNTs toxicity in inducing intestinal ROS production and in 
decreasing locomotion behavior (Fig.  6.20) [48]. Moreover, genetic interaction 
analysis demonstrated that mutation of hbl-1 or lin-41 could suppress the resistance 
of let-7(mg279) mutant to MWCNTs toxicity in inducing intestinal ROS production 
and in decreasing locomotion behavior (Fig. 6.20) [48]. These data suggests that 

Fig. 6.16 (continued) worms were compared to vector control-treated glp-4(bn2) nematodes on C. 
neoformans, E. coli, and heat-killed E. coli. Likewise, significant differences were found when 
glp-1(e2141);daf-16(RNAi) nematodes were compared to vector control-treated glp-1(e2141) 
nematodes on C. neoformans, E. coli, and heat-killed E. coli. When wild-type nematodes were 
compared to daf-16(RNAi) animals, significant differences were seen on E. coli and heat-killed E. 
coli but not on C. neoformans. 60–300 nematodes were used for each condition
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Fig. 6.17 The germline-deficient mutants of glp-1 and glp-4 have higher levels of DAF-16 activa-
tion than wild-type animals regardless of pathogen exposure [45]. (a) A glp-1(e2141) mutant 
nematode expressing a daf-16:gfp transgene under control of Pgly-19 after exposure to E. coli. (b) 
A wild-type nematode expressing a daf-16:gfp transgene under control of Pgly-19 after exposure 
to E. coli. (c) Wild-type, glp-4(bn2) mutant, and glp-1(e2141) nematodes expressing transgenic 
DAF-16:GFP under control of Pgly-19 were exposed to either E. coli or C. neoformans and 
categorized as predominately nuclear or cytoplasmic. Significant differences were found when 
glp-4(bn2) mutants were compared to wild type on both E. coli and C. neoformans. Likewise, 
significant differences were also found when glp-1(e2141) mutants were compared to wild type on 
both E. coli and C. neoformans. No significant differences were found when comparing the two 
glp-4(bn2) groups nor with the two glp-1(e2141) groups, but there were significant differences in 
DAF-16 localization between the wild-type nematodes on E. coli and C. neoformans
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HBL-1 and LIN-41 act as the targets for let-7 in the regulation of toxicity of envi-
ronmental toxicants or stresses in nematodes.

6.5.3.2  SDZ-24

SDZ-24 is a SKN-1-dependent zygotic protein. After P. aeruginosa PA14 infection, 
RNAi knockdown of sdz-24 significantly reduced the survival, enhanced the colony 
formation of P. aeruginosa PA14 in the body, and decreased expression in antimi-
crobial genes (lys-1, dod-22, K08D8.5, and F55G11.7) [49]. Moreover, it was found 
that mutation of sdz-24 significantly reduced the survival, increased the CFU of P. 
aeruginosa PA14 in the body, and decreased the expression of antimicrobial genes 
(lys-1, dod-22, K08D8.5, and F55G11.7) in let-7(mg279) mutant [49]. SDZ- 24::GFP 
is primarily expressed in the posterior of the intestine and could be significantly 
increased by P. aeruginosa PA14 infection [49]. Loss-of-function mutation of let-7 
significantly increased the SDZ-24::GFP expression under both the E. coli OP50 
exposure condition and the P. aeruginosa PA14 exposure condition [49].

Fig. 6.18 Response of let-7 to P. aeruginosa PA14 infection [49]. (a) Effect of P. aeruginosa 
PA14 infection on let-7::GFP expression. Arrowheads indicate the neurons. Pharynx (*) and 
intestine (**) were also indicated. Nematodes were infected with P. aeruginosa PA14 for 24 h. 
Thirty animals were examined. Bars represent mean ± SD. **P < 0.01 vs OP50. (b) Comparison of 
P. aeruginosa PA14  CFU between wild-type N2 and let-7(mg279) mutants infected with P. 
aeruginosa PA14. Bars represent mean ± SD. **P < 0.01 vs wild type. (c) Quantitative real-time 
PCR analysis of expression patterns of the antimicrobial peptide genes in let-7(mg279) mutant 
infected with P. aeruginosa PA14. Normalized expression is presented relative to wild-type 
expression. Bars represent mean ± SD
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More importantly, after P. aeruginosa PA14 infection, the transgenic strain 
of Ex(Pges-1-sdz-24-3′-UTR);Is(Pges-1-let-7) exhibited the similar survival, 
CFU of P. aeruginosa PA14, and expression patterns of antimicrobial genes 
(lys-1, dod-22, K08D8.5, and F55G11.7) to those in the transgenic strain of 
 Ex(Pges-1-sdz-24-3′-UTR) (nematodes overexpressing intestinal SDZ-24 with-
out its 3′-UTR) (Fig. 6.21) [49], suggesting that the overexpression of sdz-24 
gene lacking 3′-UTR in the intestine may not be able to be affected by the intes-
tinal let-7. Very different from these, intestinal overexpression of let-7 could 
significantly reduce the survival, enhance the CFU of P. aeruginosa PA14, and 
decrease the expressions of antimicrobial genes (lys-1, dod-22, K08D8.5, and 
F55G11.7) in P. aeruginosa PA14-infected transgenic strain of Ex(Pges-1-sdz-
24+3′-UTR);Is(Pges-1-let-7) (Ex(Pges-1-sdz-24+3′-UTR), nematodes overex-
pressing intestinal SDZ-24 containing its 3′-UTR) (Fig. 6.21) [49], suggesting 
the effects of intestinal expression of let-7. The in vivo 3′-UTR binding assay of 
sdz-24 further confirmed that let-7 may suppress the function of SDZ-24 through 
binding to its 3′-UTR and inhibiting its translation in P. aeruginosa PA14-

Fig. 6.19 Tissue-specific activity of let-7 in the regulation of innate immunity [49]. (a) Tissue- 
specific activity of let-7 in the regulation of survival in P. aeruginosa PA14-infected nematodes. 
Statistical comparisons of the survival plots indicate that, after P. aeruginosa PA14 infection, the 
survival of let-7(mg279)Ex(Pges-1-let-7) (P  <  0.0001) or let-7(mg279)Ex(Punc-14-let-7) 
(P < 0.0001) was significantly different from that of let-7(mg279), and the survival of let-7(mg279)
Ex(Pmyo-2-let-7) (P  =  0.9643), let-7(mg279)Ex(Pmyo-3-let-7) (P  =  0.9234), or let-7(mg279)
Ex(Pdpy-7-let-7) (P = 0.9545) was not significantly different from that of let-7(mg279). (b) Tissue- 
specific activity of let-7 in the regulation of P. aeruginosa PA14 CFU in the body of nematodes. 
(c) Tissue-specific activity of let-7 in the regulation of expression patterns of antimicrobial genes 
in P. aeruginosa PA14-infected nematodes. Normalized expression is presented relative to wild- 
type expression. Bars represent mean ± SD. **P < 0.01 vs wild type (if not specially indicated)
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infected nematodes. These results demonstrate that the SDZ-24 can act as 
another direct target for let-7 in the regulation of environmental toxicants or 
stresses in nematodes.

6.5.4  Identification of Downstream Targets for HBL-1 
in Regulating the Toxicity of Environmental Toxicants or 
Stresses

In nematodes, totally 13 genes (T01D3.6, F13B12.4, ugt-18, cpt-4, clec-60, 
F28H1.1, W04G3.3, K12B6.3, nurf-1, sym-1, tir-1, nhx-3, and zig-4) could be 
significantly increased (more than 2.5-fold changes) by hbl-1 overexpression [50]. 
hbl-1 mutation suppressed expressions of tir-1, sym-1, and lpr-4 in nematodes 
exposed to MWCNTs (10  μg/L) [48]. tir-1 or sym-1 mutation could induce a 

Fig. 6.20 Genetic interaction between let-7 and hbl-1 or lin-41 in the regulation of MWCNTs 
toxicity [48]. (a) Genetic interaction between let-7 and hbl-1 or lin-41 in the regulation of 
MWCNTs toxicity in inducing intestinal ROS production. Sixty nematodes were examined per 
treatment. (b) Genetic interaction between let-7 and hbl-1 or lin-41 in the regulation of MWCNTs 
toxicity in decreasing locomotion behavior. Sixty nematodes were examined per treatment. 
Prolonged exposure was performed from L1-larvae to young adults. Exposure concentration of 
MWCNTs was 10 μg/L. Bars represent means ± SD. **P < 0.01 vs wild type (if not specially 
indicated)
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Fig. 6.21 Effects of intestinal overexpression of sdz-24 lacking 3′-UTR or containing 3′-UTR on 
innate immune response to P. aeruginosa PA14 infection in nematodes overexpressing intestinal 
let-7 [49]. (a) Effects of intestinal overexpression of sdz-24 lacking 3′-UTR on survival in P. aeru-
ginosa PA14-infected nematodes overexpressing intestinal let-7. Statistical comparisons of the 
survival plots indicate that, after P. aeruginosa PA14 infection, the survival of transgenic strain of 
Ex(Pges-1-sdz-24-3′-UTR);Is(Pges-1-let-7) was significantly different from that of transgenic 
strain of Is(Pges-1-let-7) (P < 0.0001). (b) Effects of intestinal overexpression of sdz-24 lacking 
3′-UTR on CFU of P. aeruginosa PA14 in P. aeruginosa PA14-infected nematodes overexpressing 
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susceptibility to MWCNTs toxicity; however, lpr-4 mutation did not influence the 
MWCNTs toxicity (Fig. 6.22) [48].

tir-1 encodes a Toll-interleukin 1 receptor (TIR) domain adaptor protein, and 
sym-1 encodes a protein containing 15 contiguous leucine-rich repeats (LRRs). 
Genetic interaction analysis demonstrated that mutation of tir-1 or sym-1 could 
significantly suppress the resistance of nematodes overexpressing HBL-1 to 
MWCNTs toxicity in inducing intestinal ROS production and in decreasing 
locomotion behavior (Fig. 6.22) [48], which suggest the formation of a signaling 
cascade of let-7-HBL-1-TIR-1/SYM-1 in the regulation of toxicity of environmental 
toxicants or stresses in nematodes.

6.5.5  Genetic Interaction Between LIN-41 and ALG-1 or 
ALG-2 in Regulating the Toxicity of Environmental 
Toxicants or Stresses

ALG-1 and ALG-2 are RDE-1 proteins. lin-41 mutation can suppress alg-1/alg- 
2(RNAi)-induced retarded heterochronic phenotypes [51]. Genetic analysis has 
indicated that the ALG-1 or the ALG-2 acts upstream of the LIN-41 in the regulation 
of toxicity of environmental toxicants or stresses in nematodes (Fig. 6.23) [48].

6.5.6  Feedback Loop Formed by let-7 and Its Direct Targets 
During the Control of ENMs Toxicity

hbl-1 or lin-41 mutation increased let-7::GFP expression in MWCNTs exposed 
nematodes (Fig. 6.24) [48], implying the formation of a feedback loop by let-7 and 
its direct targets during the control of toxicity from environmental toxicants or 
stresses in nematodes.

Fig. 6.21 (continued) intestinal let-7. (c) Effects of intestinal overexpression of sdz-24 lacking 
3′-UTR on expression patterns of antimicrobial genes in P. aeruginosa PA14-infected nematodes 
overexpressing intestinal let-7. Normalized expression is presented relative to wild-type expres-
sion. (d) Effects of intestinal overexpression of sdz-24 containing 3′-UTR on survival in P. aeru-
ginosa PA14-infected nematodes overexpressing intestinal let-7. Statistical comparisons of the 
survival plots indicate that, after P. aeruginosa PA14 infection, the survival of transgenic strain of 
Ex(Pges- 1- sdz-24+3'-UTR);Is(Pges-1-let-7) was significantly different from that of transgenic 
strain of Ex(Pges-1-sdz-24+3′-UTR) (P < 0.0001). (e) Effects of intestinal overexpression of sdz-
24 containing 3′-UTR on CFU of P. aeruginosa PA14 in P. aeruginosa PA14-infected nematodes 
overexpressing intestinal let-7. (f) Effects of intestinal overexpression of sdz-24 containing 3′-UTR 
on expression patterns of antimicrobial genes in P. aeruginosa PA14-infected nematodes overex-
pressing intestinal let-7. Normalized expression is presented relative to wild-type expression. −, 
lacking 3′-UTR; +, containing 3'-UTR. Bars represent mean ± SD. **P < 0.01 vs wild type (if not 
specially indicated)
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6.6  Perspectives

In contrast to the functions of oxidative stress, MAPK, and insulin signaling path-
ways in the regulation of toxicity of environmental toxicants or stresses, the associa-
tion between developmental related signals and toxicity induction of environmental 
toxicants or stresses has received only limited attention. In this chapter, we have 
introduced and discussed the important functions of Wnt, TGF-β, and Notch signal-
ing pathways in the regulation of toxicity of environmental toxicants or stresses. 
Actually, besides these three signaling pathways, there are still many other develop-
mental related signals in nematodes or mammals. The possible association between 
those developmental related signals and toxicity induction of environmental toxi-
cants or stresses is still largely unknown.

Fig. 6.22 Genetic interaction between HBL-1 and TIR-1 or SYM-1 in the regulation of MWCNTs 
toxicity [48]. (a) Genetic interaction between HBL-1 and TIR-1 or SYM-1 in the regulation of 
MWCNTs toxicity in inducing intestinal ROS production. Sixty nematodes were examined per 
treatment. (b) Genetic interaction between HBL-1 and TIR-1 or SYM-1  in the regulation of 
MWCNTs toxicity in decreasing locomotion behavior. Sixty nematodes were examined per 
treatment. WT wild type. Prolonged exposure was performed from L1-larvae to young adults. 
Exposure concentration of MWCNTs was 10 μg/L. Bars represent means ± SD. **P < 0.01 vs wild 
type (if not specially indicated)
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In this chapter, we also introduced and discussed the important role of let-7- 
mediated developmental timing control-related signal in the regulation of toxicity of 
environmental toxicants or stresses. Nevertheless, it is still needed to further 
elucidate at least these two possibilities. One possibility is that let-7 may regulate 
the toxicity of environmental toxicants or stresses by altering the molecular basis of 
certain aspects of development. Another possibility is that, besides the molecular 
basis of development, let-7 may regulate the toxicity of environmental toxicants or 
stresses by further modulating the molecular basis for oxidative stress or stress 
response. Moreover, besides the let-7, the potential role of lin-4-mediated 
developmental timing control-related signal in the regulation of toxicity of 
environmental toxicants or stresses is still unclear. In nematodes, lin-4 and its targets 
are involved in the longevity regulation by acting as an upstream regulator of 
DAF-16.

Fig. 6.23 Genetic interaction between LIN-41 and ALG-1 or ALG-2 in the regulation of MWCNTs 
toxicity [48]. (a) Genetic interaction between LIN-41 and ALG-1 or ALG-2 in the regulation of 
MWCNTs toxicity in inducing intestinal ROS production. Sixty nematodes were examined per 
treatment. (b) Genetic interaction between LIN-41 and ALG-1 or ALG-2  in the regulation of 
MWCNTs toxicity in decreasing locomotion behavior. Sixty nematodes were examined per 
treatment. WT wild type. Prolonged exposure was performed from L1-larvae to young adults. 
Exposure concentration of MWCNTs was 10 μg/L. Bars represent means ± SD. **P < 0.01 vs wild 
type (if not specially indicated)
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Chapter 7
Functions of Cell Death and DNA  
Damage- Related Signaling Pathways 
in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

Abstract Cell death and DNA damage are central biological events in organisms. 
Meanwhile, they also have another important role in regulating the toxicity 
formation in nematodes exposed to various toxicants or stresses. We here introduced 
and discussed the role of cell death and DNA damage-related signaling pathway in 
the regulation of toxicity of environmental toxicants or stresses and the underlying 
mechanisms. The involvement of DNA replication stress-related signal and 
telomere-related signal in regulating toxicity of environmental toxicants or stresses 
was also introduced and discussed.

Keywords Cell death and DNA damage-related signaling pathways · Molecular 
regulation · Environmental exposure · Caenorhabditis elegans

7.1  Introduction

Caenorhabditis elegans is a wonderful animal model for the elucidation of molecu-
lar mechanisms for the observed toxicity of various toxicants or stresses [1–6]. 
Among the observed different aspects of toxicity induced by various toxicants or 
stresses, germ cell death and DNA damage have gradually received the attention [1, 
7]. Similar to the development-related signals introduced in Chap. 6, the cell death 
and DNA damage-related signals also have dual roles in the toxicity formation in 
nematodes exposed to various toxicants or stresses.

The basic information on the involvement of cell death and DNA damage-related 
signals in the regulation of germ cell apoptosis has been well-described in the 
review [8]. In this chapter, we first introduced and discussed the role of cell death- 
related signaling pathway in the regulation of toxicity of environmental toxicants or 
stresses and the underlying mechanisms. After that, we further introduced and 
discussed the function of DNA damage-related signaling pathway in the regulation 
of toxicity of environmental toxicants or stresses and the underlying mechanisms. 
We also tried to introduce the involvement of DNA replication stress-related signal 
and telomere-related signal in the regulation of toxicity of environmental toxicants 
or stresses (Fig. 7.1).
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At least two distinct pathways of germ cell apoptosis function in C. elegans. 
Physiological apoptosis is cep-1-independent and a normal feature of oogenesis. 
The frequency of cep-1-independent germ cell apoptosis increases in response to 
various cytoplasmic stresses (oxidative, heat, osmotic, starvation). It is not clear 
whether this increase involves the same triggering mechanism as physiological 
apoptosis. In each case, these apoptotic events depend upon Ras/MAP-kinase 
signaling. CEP-1-dependent apoptosis is induced by a DNA damage or chromosomal 
integrity checkpoint. Rb and E2F transcription factor subunits promote physiological 
cell death and appear to function downstream of or in parallel to CEP-1 in the DNA 
damage response. Pathogen-induced germ cell apoptosis is arbitrarily shown as 
acting directly on EGL-1, because it has not been determined whether CEP-1 is 
involved. Physiological and DNA damage germ cell apoptosis pathways are 
suppressed by the PAX-2 and EGL-38 Pax-family proteins, which increase 
transcription of the antiapoptotic protein CED-9.

7.2  Apoptosis Signaling Pathway

7.2.1  Involvement of Core Apoptosis Signaling Pathway 
in the Control of Toxicity of Environmental Toxicants or 
Stresses

Some members of carbon-based engineered nanomaterials, such as graphene oxide 
(GO), can cause toxic effects on the functions of both primary and secondary 
targeted organs in nematodes [9–16]. It was further observed that prolonged 

Fig. 7.1 Regulation of 
germ cell apoptosis [8]
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exposure to 10–100  mg/L of GO could cause the production of more germ cell 
corpses compared with control based on AO staining results [17]. ced-1 encoding a 
single-pass transmembrane protein is a component of apoptotic pathway and 
functions to initiate the signaling pathway in phagocytic cells in promoting cell 
corpse engulfment, phagosome maturation, and, ultimately, apoptotic cell 
degradation [18]. Additionally, using the CED-1::GFP transgenic strain, it was 
found that prolonged exposure to GO (10 mg/L) could also induce the production of 
more apoptotic cells in pachytene region of gonad in nematodes compared with 
control [17]. The core signaling pathway of C. elegans apoptosis is constituted by 
CED-3, CED-4, and CED-9 [8, 19]. CED-3, a cysteine aspartate protease, is required 
for the execution of apoptosis and acts in a conserved genetic pathway with the 
CED-4 [19]. CED-9 is the sole homolog of mammalian cell death inhibitor Bcl-2 
and negatively regulates the CED-4 activity to prevent the cells from undergoing 
apoptosis [19]. Prolonged exposure to GO (10  mg/L) could further significantly 
increase the expressions of ced-3 and ced-4 and decrease the expression of ced-9 
(Fig.  7.2) [17]. Therefore, long-term exposure to GO can induce the germ cell 
apoptosis by altering the core molecular basis of apoptosis in nematodes.

Meanwhile, it was found that mutation of ced-3 or ced-4 inhibited the germ cell 
apoptosis induced by GO exposure and mutation of ced-9 also altered the germ cell 
apoptosis induced by GO exposure (Fig.  7.2) [17]. These results suggest the 
potential involvement of this core signaling pathway of apoptosis constituted by 
CED-3, CED-4, and CED-9 in regulating the reproductive toxicity of environmental 
toxicants or stresses.

Similarly, mutation of core pro-apoptotic regulator genes, ced-3 and ced-4, could 
suppress the hydroxylated fullerene nanoparticle-induced cell death [20]. Mutation 
of ced-3 or ced-4 could abrogate both copper-induced and physiological germline 
apoptosis [21]. Microcystin-LR or tributyltin (TBT)-induced germline apoptosis 
was also absent in ced-3 or ced-4 loss-of-function mutant nematodes [22, 23].

7.2.2  Upregulators of Core Apoptosis Signaling Pathway 
in Regulating the Toxicity of Environmental Toxicants or 
Stresses

Both bacterial and fungal pathogens can cause different aspects of toxic effects on 
organisms, including the nematodes [24–33]. In nematodes, the enhanced level of 
gonadal apoptosis could be observed when fed on Salmonella, which could be 
observed in sek-1 or nsy-1 mutant nematodes or in nematodes in which pmk-1 has 
been inactivated by RNAi (Fig. 7.3) [34]. These results suggest that the enhanced 
level of germ cell apoptosis by Salmonella feeding is PMK-1 dependent. 
Nevertheless, the “basal” level of apoptosis observed when feeding on E. coli is 
PMK-1 independent [34].

7.2 Apoptosis Signaling Pathway
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Moreover, it was observed that the PMK-1 inhibition by RNAi in ced-9 mutant 
nematodes could not reduce the high level of spontaneous gonadal apoptosis 
observed when fed on E. coli OP50 (Fig. 7.3) [34]. Additionally, in ced-9 gain-of- 
function mutant nematodes, Salmonella-induced apoptosis could be completely 
blocked [34]. Therefore, the observed Salmonella-elicited apoptosis is CED-9 
dependent, and the Salmonella-elicited CED cell death signaling pathway may lie 
downstream of PMK-1. That is, PMK-1 in the p38 MAPK signaling pathway can 
act as an upstream regulator for core apoptosis signaling pathway in regulating the 
toxicity of environmental toxicants or stresses.

Fig. 7.2 Role of the core apoptosis signaling pathway in the control of GO toxicity in inducing 
germline apoptosis [17]. (a) GO exposure altered expression patterns of genes encoding the core 
apoptosis signaling pathway. Bars represent means ± SEM **P < 0.01 vs control. (b) Mutations of 
genes encoding the core apoptosis signaling pathway affected the germline apoptosis in nematodes 
exposed to GO. The used strains were wild-type N2, ced-3(n717), ced-4(n1162), and ced-9(n1950). 
Bars represent means ± SEM **P < 0.01. (c) A model for the core apoptosis signaling pathway in 
the control of GO toxicity in inducing germline apoptosis. GO exposure concentration was 
10 mg/L. Prolonged exposure to GO was performed from L1-larvae to young adults

7 Functions of Cell Death and DNA Damage-Related Signaling Pathways…
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Fig. 7.3 S. enterica elicits 
a PMK-1-dependent CED 
cell death pathway in C. 
elegans [34]. (a) N2, nsy-1, 
sek-1, or pmk-1 RNAi 
young adult animals were 
exposed to E. coli OP50 or 
S. enterica SL1344, and 
cell corpses were counted 
24 h after the initial 
exposure. Data 
(mean ± SD) were from 
two independent 
experiments, and more 
than 15 animals were 
scored in each case. (b) C. 
elegans N2 or pmk-1 RNAi 
young adult animals were 
exposed to S. enterica 
SL1344. A total of 20 
animals were used in each 
case. Nematode survival 
was plotted with the 
PRISM computer program. 
A p value that was <0.05 
was considered significant. 
(c) N2, ced-9, or ced-9 
RNAi pmk-1 young adult 
animals were exposed to S. 
enterica SL1344, and cell 
corpses were counted 24 h 
after the initial exposure. 
Data (mean ± SD) were 
from two independent 
experiments, and more 
than 15 animals were 
scored in each case

7.2 Apoptosis Signaling Pathway
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7.2.3  Targets of Core Apoptosis Signaling Pathway 
in Regulating the Toxicity of Environmental Toxicants or 
Stresses

SIR-2.1 is a member of the sirtuin family related to Saccharomyces cerevisiae Sir2p. 
In nematodes, sir-2.1 was required for induction germ cell apoptosis caused by 
ionizing radiation-induced DNA damage [35]. sir-2.1 mutation did not affect the 
DNA damage response pathway upstream of CEP-1 [35]. The cell cycle arrest 
following the DNA damage was not affected by the sir-2.1 deletion [35]. SIR-2.1 
was also not required for the CEP-1-dependent transcriptional induction of egl-1 
and ced-13 [35]. After the ionizing radiation, the SIR-2.1 would be translocated 
from the nucleus to the cytoplasm of dying cells [35]. In contrast, mutation of cep-1 
or ced-3 affected this translocation from the nucleus to the cytoplasm in dying cells 
(Fig.  7.4) [35]. Moreover, it was observed that the SIR-2.1 colocalized with the 
CED-4  in germ cells in nematodes exposed to the ionizing irradiation (Fig. 7.5) 
[35]. These results suggest that SIR-2.1 can act as an important downstream target 
of core apoptosis signaling pathway in regulating the toxicity of environmental 
toxicants or stresses in nematodes.

Fig. 7.4 SIR-2.1 translocation is independent of cep-1 and ced-3 [35]. Arrows indicate nuclei that 
have lost SIR-2.1 but where the nucleus is still intact. Arrowheads indicate nuclei with strong SIR- 
2.1 staining. Empty arrowheads indicate cells in the late stages of apoptosis. Germlines were 
stained with goat anti-SIR-2.1 (126.3) and rabbit anti-CED-4 (9103.1) antibodies
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7.3  DNA Damage Signaling Pathway

7.3.1  Involvement of Core DNA Damage Signaling Pathway 
in the Control of Toxicity of Environmental Toxicants or 
Stresses

In the DNA damage-related signaling pathway, EGL-1, a protein containing a 
region similar to BH3 domain of mammalian cell death activators, functions as an 
upstream activator in the core apoptosis signaling pathway and as a DNA damage 
checkpoint [36–38]. CEP-1, an ortholog of human tumor suppressor p53, functions 
in promoting the DNA damage-induced apoptosis by activating EGL-1 [36–38]. 
CLK-2, an ortholog of telomere length-regulating protein Tel2p, and HUS-1 are 
required for the function of CEP-1 in activating DNA damage-induced apoptosis 
[36–38]. With GO as an example, prolonged exposure to GO (10  mg/L) could 
induce the DNA damage and reduced the number of mitotic cells in gonad of 

Fig. 7.5 SIR-2.1 colocalizes with CED-4 in germ cells after Irradiation [35]. The apparent weak 
intranuclear CED-4 staining is nonspecific. Bar, 5 μm. Germlines were stained with rabbit anti- 
SIR- 2.1 (1434.3) and goat anti-CED-4 (10147.1)
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nematodes [17]. Meanwhile, prolonged exposure to GO (10  mg/L) significantly 
increased the expressions of hus-1, clk-2, cep-1, and egl-1 (Fig. 7.6) [17], suggest-
ing that long-term exposure to GO can induce the germ DNA damage by altering 
the core molecular basis of DNA damage in nematodes.

Moreover, it was observed that mutation of hus-1, clk-2, cep-1, or egl-1 could 
noticeably suppress the germline apoptosis induced by GO exposure (Fig. 7.6) [17], 
suggesting the further involvement of signaling pathway for DNA damage check-
points in the control of reproductive toxicity of GO. Therefore, the core signaling 
pathway of DNA damage checkpoints can potentially also participate in regulation 
of toxicity of environmental toxicants or stresses in nematodes.

Fig. 7.6 Role of the signaling pathway for DNA damage checkpoints in the control of GO toxicity 
in inducing germline apoptosis [17]. (a) GO exposure altered expression patterns of genes encoding 
the signaling pathway for DNA damage checkpoints. Bars represent means ± SEM **P < 0.01 vs 
control. (b) Mutations of genes encoding the signaling pathway for DNA damage checkpoints 
affected the germline apoptosis in nematodes exposed to GO. The used strains were wild-type N2, 
egl-1(n1084n3082), hus-1(op241), cep-1(gk138), and clk-2(mn159). Bars represent means ± SEM 
**P < 0.01. (c) A model for the signaling pathway for DNA damage checkpoints in the control of 
GO toxicity in inducing germline apoptosis. GO exposure concentration was 10 mg/L. Prolonged 
exposure to GO was performed from L1-larvae to young adults

7 Functions of Cell Death and DNA Damage-Related Signaling Pathways…



189

In nematodes, it was further found that the DNA damage-related signaling path-
way was involved in the induction of reproductive toxicity of heavy metal (Cd and 
Cu), microcystin-LR, TBT, or tributyltin chloride [21–23, 39, 40].

7.3.2  Upregulators of Core DNA Damage-Related Signaling 
Pathway in Regulating the Toxicity of Environmental 
Toxicants or Stresses

7.3.2.1  mir-360

In nematodes, some corresponding miRNAs for ced-3, ced-4, and ced-9 encoding 
the core apoptosis signaling pathway and for hus-1, clk-2, cep-1, and elg-1 encoding 
the signaling pathway for DNA damage checkpoints were identified in GO-exposed 
nematodes based on bioinformatics analysis [17]. Among the dysregulated miRNAs 
induced by GO, mir-2210, mir-4810, mir-4805, mir-259, mir-82, mir-360, and mir- 
4807 might be involved in the control of reproductive toxicity in inducing germline 
apoptosis in GO-exposed nematodes [17]. Among these miRNAs, mutation of mir- 
360 significantly enhanced the reproductive toxicity of GO in inducing germline 
apoptosis, whereas mir-360 overexpression significantly suppressed the reproductive 
toxicity of GO in inducing germline apoptosis in nematodes (Fig. 7.7) [17].

For the underlying molecular mechanism of mir-360 in regulating the reproduc-
tive toxicity of GO in inducing germline apoptosis, CEP-1 was identified as a 
molecular target for mir-360. The double mutant of cep-1(RNAi);mir-360(n4635) 
exposed to GO (10 mg/L) showed the similar phenotype of germline apoptosis to 
that in cep- 1(RNAi) nematodes exposed to GO (10 mg/L) (Fig. 7.7) [17], implying 
the role of CEP-1 as the potential target for mir-360 in regulating the reproductive 
toxicity of GO in inducing germline apoptosis. In nematodes, GO exposure 
increased the expression of mir-360 [41]. This implies that the increased mir-360 
may mediate a protection response or function for nematodes against the reproduc-
tive toxicity of GO by suppressing the function of CEP-1  in the DNA damage 
checkpoints signaling pathway. Therefore, mir-360 can acts as an upstream regula-
tor of core DNA damage- related signaling pathway in regulating the toxicity of 
environmental toxicants or stresses in nematodes.

7.3.2.2  ABL-1

c-Abl is a conserved nonreceptor tyrosine kinase with the function to integrate the 
genotoxic stress responses by acting as a transducer of both pro- and antiapoptotic 
effector pathways. In nematodes, loss-of-function mutation of abl-1 encoding the 
c-Abl caused the hypersensitivity to radiation-induced apoptosis in the germline 
(Fig. 7.8) [42], implying the possible role in the regulation of DNA damage in the 
germ cells of nematodes.

7.3 DNA Damage Signaling Pathway
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The further findings implies the role of ABL-1  in antagonizing the apoptotic 
pathway, and this process required the sequentially cell cycle checkpoint genes clk- 
2, hus-1, and mrt-2; the p53 homolog, cep-1; and the genes encoding the components 
of the conserved apoptotic machinery, ced-3, ced-9 and egl-1 (Fig. 7.9) [42]. It was 
observed that mutation of DNA damage checkpoint and p53 could prevent the germ 
cell apoptosis in abl-1(ok171) mutant nematodes (Fig. 7.9) [42]. That is, ABL-1 
serves an antiapoptotic purpose in the germline, since it can act as a negative 
regulator of the p53 homolog CEP-1 and the checkpoint pathway and thereby 
constrain the conserved apoptosis machinery. Therefore, ABL-1 is another important 
upstream regulator of core DNA damage-related signaling pathway in regulating 
the toxicity of environmental toxicants or stresses in nematodes.

Fig. 7.7 mir-360 negatively regulated the functions of signaling pathways of DNA damage check-
points and apoptosis in the control of reproductive toxicity in GO-exposed nematodes [17]. (a) 
Germline apoptosis in mir-259, mir-81/82, or mir-360 mutant exposed to GO. The used mutants 
were wild-type N2, mir-360(n4635), mir-259(n4106), and mir-81&82(nDf54). (b) Genetic 
interaction of mir-360 with cep-1 in regulating germline apoptosis in nematodes exposed to 
GO. The used strains were wild-type N2, mir-360(n4635), cep-1(RNAi), and cep-1(RNAi);mir- 
360(n4635). (c) A summary model for the molecular control of reproductive toxicity of GO in 
inducing germline apoptosis in nematodes. GO exposure concentration was 10 mg/L. Prolonged 
exposure to GO was performed from L1-larvae to young adults. Bars represent means ± SEM 
**P < 0.01
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Fig. 7.8 The abl-1(ok171) mutant is hypersensitive to radiation-induced germ cell apoptosis [42] 
(a–c) Wild-type and mutant worms were synchronized at 20 °C and treated as young adults (24 h 
after L4 stage) with the indicated doses of radiation. The distal arm of one side of the gonad was 
scored for cell corpses under Nomarski optics. Error bars indicate SEM from 15 to 20 worms per 
group. (a) Germ cell corpses were scored 36  h after exposure to 120  Gy. Apoptotic cells are 
indicated by arrowheads in a single focal plane. (b) Increased germ cell apoptosis in abl-1(ok171) 
was confirmed by SYTO 12 staining. Nonspecific staining can be observed in the intestine, located 
above the gonad. (c) Germ cell apoptosis was scored at the indicated times (left panel) after 
exposure to 120 Gy or at 36 h after the indicated doses of radiation (right panel). Error bars indicate 
SEM from 10–15 worms per group. (d) abl-1 dsRNA was introduced into wild-type adult worms 
by microinjection. Germ cell corpses were scored in F1 young adult worms 36 h after exposure to 
120 Gy. Error bars indicate SEM from 10 to 15 worms per group. (e) Two independent transgenes, 
kkIs1 and kkIs2, with cosmid M79 stably integrated in the background of abl-1(ok171), were 
generated to rescue the abl-1(ok171) phenotype. Germ cell corpses were counted in adult 
transgenic worms 36 h after exposure to 120 Gy. Error bars indicate SEM from 10–15 worms per 
group. (f,g) Adult wild-type worms were hybridized with antisense or sense abl-1 probes. 
Expression of abl-1 was viewed under bright-field microscopy. Dark blue represents positive 
staining; light green represents background staining. (f) Intact wild-type worms. (g) Gonadal tissue 
dissected from wild-type worms
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7.3.2.3  NOL-6

nol-6 encodes a nucleolar RNA-associated protein (NRAP) that is involved in the 
early stages of ribosome biogenesis. Inhibition of Pol-I by actinomycin D, an 
inhibitor of ribosome biogenesis, caused an enhanced resistance to S. enterica- 
mediated killing in wild-type nematodes; however, actinomycin D treatment in nol- 
6 mutant nematodes had no such effect (Fig. 7.10) [43]. Additionally, 5 days after 
the infection, only 30% of control nematodes remained alive, while 72–98% of 
nematodes in which individual rps genes were depleted by RNAi could remain alive 
(Fig.  7.10) [43]. That is, the ribosome can act as a negative regulator of innate 
immunity, and the reduced ribosomal function by mutation or RNAi can boost the 
innate immunity.

Moreover, it was observed that mutation of cep-1 could suppress not only the 
enhanced resistance to S. enterica-mediated killing of nol-6 RNAi nematodes but 
also that of rps RNAi nematodes (Fig. 7.10) [43], suggesting that the derepression 
of CEP-1 transcriptional activity by nol-6 or rps RNAi may activate the innate 
immunity against S. enterica.

The expression analysis further demonstrated that the CEP-1-regulated genes 
were upregulated in nol-6 RNAi nematodes and the CEP-1 target, egl-1, was also 
upregulated in nol-6 RNAi nematodes compared to vector control wild-type 
nematodes (Fig. 7.11) [43]. This suggests that higher CEP-1 activity is responsible 
for the enhanced resistance to S. enterica-mediated killing in animals with impaired 

Fig. 7.9 DNA damage checkpoint and p53 mutations prevent germ cell apoptosis in abl-1(ok171) 
worms [42] (a) Young adult abl-1(ok171) and double mutants clk-2(mn159) abl-1(ok171), hus- 
1(op241) abl-1(ok171) and mrt-2(e2663) abl-1(ok171) were irradiated with 120 Gy, and germ cell 
corpses were counted after 36 h. Error bars represent SEM from 15 worms per group. (b) abl- 
1(ok171) was crossed with the deletion allele cep-1(gk138), and individual progeny with the 
double-mutant genotype cep-1(gk138) abl-1(ok171) were isolated. The strain with the genotype 
abl-1(ok171) worms was selected as a control. Germ cell corpses were scored in adult worms 24 h 
after exposure to 120 Gy. Error bars represent SEM from 10 to 15 worms per group. (c) RNAi of 
abl-1 and cep-1. abl-1 dsRNA was introduced into cep-1(w40) worms, and cep-1 dsRNA was 
introduced into abl-1(ok171) worms by microinjection. Germ cell corpses were counted in adult 
F1 progeny 24 h after exposure to 120 Gy. Error bars represent SEM from 25 to 35 worms per 
group
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ribosomal function due to mutation or RNAi of nol-6. Therefore, NUL-6 can also 
act as an upstream regulator of core DNA damage-related signaling pathway in 
regulating the toxicity of environmental toxicants or stresses in nematodes.

7.4  DNA Replication Stress-Related Signal

Cells can face upon the DNA replication stress when the progress of DNA polymer-
ases on the template strand is hindered by DNA damage, tightly bound proteins, 
nucleotide exhaustion, or tri-nucleotide repeats [44]. The ATR protein kinase ATL-1 
is the master regulator of the response to DNA replication stress [45]. The DNA 
replication stress can be induced either by HU treatment or UV-C (254 nM) light. 
One critical ATR substrate is the CHK1/CHK-1 protein kinase. WRN-1, ortholog of 
the human Werner syndrome helicase, acts upstream of ATR during the DNA repli-
cation stress response [46].

Fig. 7.10 Nucleolar protein knockdown activates immunity against S. enterica in a p53/cep-1- 
dependent manner [43]. (a) Wild-type and rpa-9 nematodes were fed S. enterica on plates 
containing either 0.005  mg/mL actinomycin D or buffer. Wild-type vs wild-type+Act. D: 
p = 0.0261. (b) Wild-type nematodes were grown on dsRNA for vector control or dsRNA for rps 
genes, and the number of living nematodes was scored after 5 days of feeding on S. enterica. 
Differences between vector and rps RNAi was statistically significant in all cases. (c) Wild-type 
and cep-1(gk138) nematodes were grown on dsRNA for vector control, dsRNA for nol-6, or 
dsRNA for rps genes, and the number of live vs dead animals was scored over time. Wild type vs 
nol-6 RNAi. Wild type vs cep-1(gk138);nol-6 RNAi. Since cep-1(gk138) nematodes exhibit an Egl 
phenotype, the animals that die from matricide were censored. For each condition, 57–61 animals 
were used
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7.4.1  Involvement of ATR Signaling Pathway in the Regulation 
of DNA Replication Stress Induced by Environmental 
Toxicants or Stresses

Under the normal conditions, embryos required ~300  s to progress from mid- 
migration to nuclear envelop breakdown (NEB). This process was increased by HU 
to nearly 1400 s and by UV-C to ~600 s [47]. In contrast, for atl-1,chk-1(RNAi) 

Fig. 7.11 Derepression of CEP-1 transcriptional activity by nol-6 RNAi activates immunity 
against S. enterica [43]. (a) Quantitative RT-PCR analysis of 7 cep-1-dependent genes in nematodes 
grown on dsRNA for vector control or dsRNA for nol-6. Data were analyzed by normalization to 
pan-actin (act-1, act-3, act-4) and relative quantification using the comparative-cycle threshold 
method. Student’s exact t-test indicates that differences among the groups are significantly 
different; bar graphs correspond to mean ± SEM (n  =  3). (b) Wild-type and sym-1(mn601) 
nematodes grown on dsRNA for vector control or dsRNA for nol-6 were fed S. enterica, and the 
number of live vs dead animals was scored over time. Vector vs sym-1(mn601). For each condition, 
60 animals were used. This experiment was performed in duplicate. (c) Wild-type and sym- 
1(mn601) nematodes were fed S. enterica/GFP or S. enterica/GFP for 48 h, and the percentages of 
worms exhibiting pharyngeal invasion of S. enterica were quantified. Wild type vs sym-1(mn601) 
S. enterica/GFP. For each condition, approximately 100 animals were used. (d) Mechanism by 
which disruption of the nucleolus may lead to enhanced resistance to pathogen through the 
activation of CEP-1. Inhibition of nol-6 and other nucleolar proteins via RNAi or mutation disrupts 
nucleolar integrity leading to an upregulation of CEP-1-dependent transcription and an increase in 
resistance to both S. enterica and P. aeruginosa. Disruption of the nucleolus may also lead to 
enhanced resistance to P. aeruginosa through the activity of PMK-1 and DAF-16
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embryos, HU could not significantly extend the cell cycle, while UV-C did but only 
modestly (Fig. 7.12) [47]. These observations suggest that some components of cell 
cycle delay after UV-C might occur independently of the ATR pathway, since UV-C 
delay was not absolutely reduced by atl-1,chk-1 RNAi. Actually, it was observed 
that atl-1,chk-1 RNAi could significantly reverse the UV-C-induced delay (Fig. 7.12) 
[47]. Therefore, the ATR signaling pathway is involved in the control of cell cycle 
delay under the DNA replication stress induced by environmental toxicants or 
stresses.

In nematodes, both RPA-1 and WRN-1 belong to the ATR docking factors [47]. 
RPA-1 functions in recruiting ATL-1 to the sites of DNA replication stress and can 
physically interact with the WRN-1. Under the normal conditions, both rpa-1(RNAi) 
and wrn-1(RNAi) embryos were modestly slower than wild-type nematodes [47]. 
Under the DNA replication stress, although the wild-type embryos showed typical 
patterns of cell cycle delay, the rpa-1(RNAi) embryos could not be significantly 
delayed by either HU or UV-C [47]. Additionally, under the DNA replication stress, 
wrn-1 depletion prevented the HU-imposed cell cycle delay; however, UV-C could 

Fig. 7.12 The ATR 
pathway controls cell cycle 
delay after HU- or 
UV-C-mediated replication 
stress in one cell embryos 
[47]. (a) Either wild-type 
(N2) or atl-1,chk-1(RNAi) 
embryos were optionally 
treated with either HU or 
UV-C, as indicated. The 
time required for embryos 
to progress from the 
mid-migration to the NEB 
stage was then recorded. 
For each data point, ten 
embryos were timed over 
two independent biological 
replicates (5/replicate), and 
the values were then 
averaged and plotted. (b) 
Same as (a) except HU 
treatment was omitted and 
five embryos were timed 
per data point over one 
biological replicate

7.4 DNA Replication Stress-Related Signal



196

still impose a cell cycle delay [47]. Therefore, both the RPA-1 and the WRN-1 are 
required for the ATR pathway function in the early embryo when the DNA 
replication is stressed.

In nematodes, the ATR activators contain MUS-101 (TOPBP1) and HPR-17 
(RAD17). Under the normal condition, the mus-101(RNAi) or hpr-17(RNAi) 
embryos displayed a slower first cell cycle [47]. Under the DNA replication stress 
induced by HU, although the control embryos showed a robust delay, the cell cycle 
delay was not observed in mus-101(RNAi) or hpr-17(RNAi) nematodes [47]. In 
contrast, under the DNA replication stress, UV induced the cell cycle arrest for mus- 
101(RNAi) or hpr-17(RNAi) nematodes [47].

7.4.2  Cell-Type-Specific Responses to DNA Replication Stress 
Induced by Environmental Toxicants or Stresses

To the time P0, the animals we irradiated, and then newly fertilized embryos were 
identified [47]. For the AB and the P1, the animals were irradiated and then 
immediately dissected out the embryos. After HU irradiation, the P1 response was 
closer to its sister AB than its mother P0, suggesting that the DNA replication stress 
response is remodeled after cell division in the early embryo [47]. Therefore, the 
DNA replication stress response will vary between cell types in the early embryo. 
That is, the DNA replication stress response is under the developmental control 
(Fig. 7.13).

7.5  Telomere-Related Signal

Telomerase is a reverse transcriptase with the function in maintaining the telomere 
in dividing cells and in protecting from oxidative stress and DNA damage. During 
this process, two subunits are involved, and they are the enzyme TERT (telomerase 
reverse transcriptase) and the RNA component TERC (telomerase RNA component). 
In nematodes, trt-1 is the catalytic subunit of telomerase [48].

Heavy metal of Mn represents an environmental risk factor for Parkinson’s dis-
ease (PD). After acute Mn treatment of 1  h at the first larval (L1) stage, it was 
observed that the trt-1 mutant nematodes were less sensitive to Mn-induced lethality 
compared to wild-type nematodes (Fig. 7.14) [49]. That is, Mn could induce the 
DAergic degeneration in wild-type nematodes, but not in trt-1 mutant nematodes 
[49]. This observation implies the involvement of telomere-related signal in the 
regulation of toxicity of environmental toxicants or stresses in nematodes.
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7.6  Perspectives

Cell death and DNA damage-related signaling pathways are essential for the normal 
development of nematodes. Moreover, the increasing evidence has highlighted their 
crucial function in regulating the toxicity of environmental toxicants or stresses in 
nematodes. During the regulation of toxicity of environmental toxicants or stresses, 
an important question needed to be further elucidated is the detailed interactions 
between the cell death and DNA damage-related or development-related signaling 
pathways and the oxidative stress or stress response-related signaling pathways, 
such as MAPK and insulin signaling pathways.

Fig. 7.13 Comparing the HU response between the P0, AB, and P1 blastomeres [47]. (a) Images 
depicting when cell cycle timing was started (top panel) and when it was terminated for AB 
(middle panel) or P1 (bottom panel). Bar = 10 μM. (b) N2 animals were optionally treated with 
HU, and interphase duration for a given cell type was plotted. Each data point represents the 
average of ten embryos obtained over two biological replicates (5/replicate). (c) The delay indices 
(DI) for the given cell types are depicted. Please see the main text for how the DIs were calculated
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In this chapter, we also introduced the involvement of DNA replication stress- 
related signal and telomere-related signal in regulating the toxicity of environmental 
toxicants or stresses. Actually, all the signaling pathways introduced in this chapter 
are essential for the normal development. Under the normal conditions, mutation of 
these genes during the embryo or early larvae stages will cause the developmental 
defects or arrest. So far, most of the obtained data for these signaling pathways are 
based on the exposure from the embryo or larvae stage. Then, an important question 
needed to be further determined is the exact role of these signaling pathways in 
regulating the toxicity of environmental toxicants or stresses at the adult stage or 
during the aging process. To understand such a role for these signaling pathways, 
the expression alterations for the related genes should be carefully examined at the 
adult stage or during the aging process after exposure to certain environmental 
toxicants or stresses.

Fig. 7.14 Mn induces DAergic degeneration in wt worms but not in trt-1 mutants [49]. BY200 
(dat-1:GFP) worms expresses green fluorescent protein (GFP) in DAergic neurons. Male dat- 
1:GFP worms were crossed with hermaphrodites of trt-1 worms. Twenty worms were observed 
and scored for DAergic degeneration of CEP neurons. Representative confocal images of cephalic 
(CEP) neurons in head of worms are shown (a). I show intact neurons in worm head; II and III 
show degenerating neurons in worms. Morphological features of degeneration include dendritic 
puncta (arrows), shrunken soma (dashed arrow), and loss of dendrites or soma. Worms with intact 
or degenerating neurons were counted. Data are expressed as percentage of worms with intact 
neurons (b). Two-way ANOVA; **P < 0.01
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Chapter 8
Functions of Metabolism-Related Signaling 
Pathways in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

Abstract We here selected the fat metabolism as an example to discuss the poten-
tial involvement of metabolism-related signaling pathways in the regulation of tox-
icity of environmental toxicants or stresses. We first introduced and discussed the 
functions of fat metabolic sensors (SBP-1, NHR-49, MDT-15, and NHR-80) and 
related signaling pathways in regulating the toxicity of environmental toxicants or 
stresses. Moreover, we discussed the roles of different components of the fat meta-
bolic pathways during the regulation of toxicity of environmental toxicants or 
stresses. We also discussed the important function of fatty acid transport protein 
ACS-22  in regulating the toxicity of environmental toxicants or stresses. The 
described information in this chapter will help us to establish a connection between 
certain metabolism(s) and toxicity induction of environmental toxicants and stresses 
in nematodes.

Keywords Metabolism-related signaling pathway · Fatty acid metabolism · 
Molecular regulation · Environmental exposure · Caenorhabditis elegans

8.1  Introduction

Exposure to certain environmental toxicants or stresses can lead to many aspects of 
toxicity in nematodes [1]. For example, engineered nanomaterial exposure could 
cause the toxicity on the functions of both primary (such as the intestine) and sec-
ondary (such as the neurons and reproductive organs) targeted organs in nematodes 
[2–9]. Moreover, it has been found that exposure to environmental toxicants or 
stresses can affect certain aspects of metabolisms in nematodes. For example, expo-
sure to CdTe quantum dots (QDs) could induce an increase in fat storage in the 
intestine, and this was partially due to prolonged defecation cycle length in CdTe 
QD-exposed nematodes (Fig. 8.1) [10]. Moreover, CdTe QDs altered the molecular 
basis of both synthesis and degradation of fatty acid (Fig. 8.2) [10]. Exposure to 
CdTe QDs could increase the expression of fasn-1 and pod-2 encoding enzymes 
required for the fatty acid synthesis and decrease the expression of acs-2 and ech-1 
encoding enzymes required for fatty acid β-oxidation (Fig. 8.2) [10].
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Fig. 8.1 Comparison of fat storage in CdTe QD-exposed nematodes [10]. (a) Comparison of 
intestinal fat storage in CdTe QD-exposed nematodes based on oil red staining. (b) Comparison of 
intestinal fat storage in CdTe QD-exposed nematodes based on Sudan Black staining. (c) 
Comparison of triglyceride amount in CdTe QD-exposed nematodes. Arrowheads indicate the 
anterior part of the intestine. CdTe QDs’ exposure was performed from L1-larvae to young adult 
in 12-well sterile tissue culture plates at 20 °C in the presence of food (OP50). Bars represent 
means ± SEM **P < 0.01 vs control
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In this chapter, we selected the fat metabolism as an example to introduce the 
involvement of metabolism-related signaling pathways in the regulation of toxicity 
of environmental toxicants or stresses. The related information on molecular regula-
tion of fat metabolism has been well-described in the review [11]. We here first 
introduced and discussed the functions of fat metabolic sensors (SBP-1, NHR-49, 
MDT-15, and NHR-80) in the regulation of toxicity of environmental toxicants or 
stresses. We also introduced the involvement of signaling pathways, such as the 
AMPK signaling pathway, in regulating the toxicity of environmental toxicants or 
stresses. Moreover, we introduced and discussed the roles of different components 
of the fat metabolic pathways in the regulation of toxicity of environmental toxi-
cants or stresses. Finally, we also discussed the role of fatty acid transport protein 
ACS-22 in the regulation of toxicity of environmental toxicants or stresses.

8.2  Functions of Fat Metabolic Sensors in the Regulation 
of Toxicity of Environmental Toxicants or Stresses

In organisms, the fat metabolic sensing mechanisms are thought to have the poten-
tial in coordinating the responses to the changing nutritional status [11].

Fig. 8.2 CdTe QDs’ exposure altered the molecular basis for both synthesis and degradation of 
fatty acid in nematodes [10]. (a) Putative C. elegans fatty acid metabolism pathways. (b) qRT-PCR 
assay of genes encoding the enzymes required for the synthesis or degradation of fatty acid in 
nematodes. Prolonged exposure was performed from L1-larvae to young adult in 12-well sterile 
tissue culture plates at 20  °C in the presence of food (OP50). Bars represent means  ±  SEM 
**P < 0.01 vs control
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8.2.1  SBP-1

In nematodes, sbp-1 encodes a sterol response element binding protein (SREBP), a 
transcriptional regulator of fat and sterol synthesis [11].

8.2.1.1  Involvement of SBP-1 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

It was observed that the sbp-1 RNAi or mutation substantially reduced the lifespan 
under the glucose-fed conditions (Fig. 8.3) [12]. Meanwhile, knockdown of sbp-1 
further dramatically accelerated age-dependent declines in movement and feeding 
capacities under the glucose-fed conditions (Fig. 8.3) [12]. Therefore, SBP-1 func-
tions in protecting against the toxicity of environmental toxicants or stresses in 
nematodes.

8.2.1.2  Tissue-Specific Activity of SBP-1 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

Intestine-specific sbp-1 RNAi knockdown could decrease the short lifespan of 
glucose- fed worms, whereas hypodermis-specific or body wall muscle-specific sbp- 
1 RNAi knockdown did not (Fig. 8.3) [12], suggesting that SBP-1 acts in the intes-
tine to regulate the toxicity of environmental toxicants or stresses.

8.2.1.3  Upregulators of SBP-1 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

In nematodes, mutations in the S-adenosyl methionine synthetase gene (sams-1) 
could increase the activity of SBP-1. Under the glucose-fed conditions, the long- 
lived lifespan in sams-1 mutant nematodes could be suppressed by RNAi knock-
down of sbp-1 (Fig. 8.4) [12], suggesting that SAMS-1 acts upstream of SBP-1 to 
regulate the toxicity of environmental toxicants or stresses.

8.2.2  NHR-49

In nematodes, nhr-49 encodes a nuclear hormone receptor and is the homology to 
mammalian peroxisome proliferator-activated receptor (PPARα). NHR-49 func-
tions as a metabolic sensor and master regulator of energy balance [11].
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Fig. 8.3 MDT-15 and SBP-1 are required for protecting worms from living too short upon glucose 
treatment [12]. (a and b) Genetic inhibition of mdt-15 (a) or sbp-1 (b) by RNAi further shortened 
lifespan upon glucose treatment. (c and d) Shown are lifespan curves of worms treated with mdt- 
15/sbp-1 double RNAi on a glucose-rich diet (c) and a control diet (d). sbp-1 RNAi treatment did 
not further shorten the lifespan of mdt-15 RNAi-treated worms. Note that mdt-15(RNAi) worms 
may have lived too short upon glucose feeding to display further decreases in lifespan. (e and f) 
Knockdown of mdt-15 (e) or sbp-1 (f) enhanced age-dependent declines in motility (body bends in 
liquid) on a glucose-rich diet. (∗∗∗) P  <  0.001; P-values were calculated by using two-way 
ANOVA test. Error bars represent SEM. n = 15. (g and h) mdt-15 RNAi (g) or sbp-1 RNAi (h) 
specifically in the intestine by using an nhx-2 promoter-driven rde-1 in an RNAi-defective rde- 
1(ne219) mutant background further decreased the short lifespan of glucose-fed worms. For the 
lifespan and motility assays, worms were treated with mdt-15 RNAi only during adulthood and 
were treated with sbp-1 RNAi for their whole lives
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Fig. 8.4 SBP-1 and MDT-15 are sufficient for detoxifying the effects of glucose on lifespan [12]. 
(a) Glucose-rich diet feeding increased the fluorescence intensity of GFP-SBP-1 proteins in the 
intestinal cells of IJ1208 sbp-1p::GFP::sbp-1 animals (L4-larvae). Arrowheads indicate the intes-
tinal nuclei. Bar, 100 μm. Yellow boxes indicate the enlarged regions in A and C. (b) Quantification 
of GFP-SBP-1levels in A. n ≥ 21 from three independent experiments. (c) Glucose feeding did not 
affect the expression pattern of MDT-15-GFP proteins in mdt-15p::mdt-15::GFP animals 
(L2-larvae). Bar, 50 μm. (d) The mdt-15 (et14) gain-of-function (gf) mutation suppressed the 
shortened lifespan of worms fed with a glucose-rich diet. Please note that all animals that were 
used for the lifespan assay in D contained paqr-2(tm3410) mutations because the mdt-15(et14) 
mutation is very closely linked (0.33 cM) to paqr-2(tm3410) mutations. (e) sbp-1 overexpression 
(sbp-1 OE; sbp-1p::GFP::sbp-1) largely restored normal lifespan in glucose-rich conditions. 
Injection marker (roller) transgenic worms (CF1290) were used as a control. (f) sams-1 (ok3033) 
[sams-1(−)] mutation suppressed short lifespan caused by glucose-rich diet feeding. mdt-15(gf), 
sbp-1 overexpression, and sams-1(−) also suppressed the lifespan-shortening effect of 0.2% 
dietary glucose. (g and h) Knockdown of mdt-15 (g) or sbp-1 (h) suppressed the restored lifespan 
by sams-1 mutation upon glucose-rich diet feeding
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8.2.2.1  Involvement of NHR-49 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

In the environment, both bacterial and fungal pathogens have the potential to cause 
toxic effects on human health and animals, including the nematodes [13–21]. After 
Enterococcus faecalis infection, RNAi knockdown of nhr-49 could significantly 
reduce the lifespan compared with control (Fig. 8.5) [22]. Similarly, mutation of 
nhr-49 was susceptible to the toxicity of tBOOH (6  mM) in reducing lifespan 
(Fig.  8.6) [23], and RNAi knockdown of nhr-49 was susceptible to paraquat 
(10 mM) in decreasing the viability [24]. In contrast, overexpression of NHR-49 
caused the resistance to the toxicity of tBOOH (6 mM) in reducing lifespan (Fig. 8.6) 
[23]. Therefore, NHR-49 is involved in the regulation of toxicity of environmental 
toxicants or stresses in nematodes.

8.2.2.2  Upregulators of NHR-49 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

As introduced in Chap. 6, the glp-1 mutant nematodes are resistant to the toxicity of 
environmental toxicants or stresses in nematodes. After exposure to tBOOH (6 mM), 
it was observed that the resistance of glp-1 mutant nematodes to tBOOH toxicity in 
reducing lifespan was significantly inhibited by nhr-49 mutation (Fig.  8.6) [23], 
which suggests that GLP-1 can act as an upstream regulator of NHR-49 in the regu-
lation of toxicity of environmental toxicants or stresses in nematodes.

8.2.2.3  Targets of NHR-49 in the Regulation of Toxicity of Environmental 
Toxicants or Stresses

After short-term food withdrawal (fasting), the induction of three mitochondrial 
fatty acid β-oxidation genes, acs-2, acs-11, and hacd-1, was virtually eliminated by 
nhr-49 mutation (Fig. 8.7) [25]. Additionally, the stimulation of the glyoxylate path-
way gene gei-7 was also partially abrogated by nhr-49 mutation (Fig. 8.7) [25]. That 
is, at least some of the genes controlling the mitochondrial fatty acid β-oxidation 
process can act as the targeted genes for nhr-49 in the regulation of toxicity of envi-
ronmental toxicants or stresses in nematodes. That is, under the stress conditions, 
the activated NHR-49 may mediate the fatty acid degradation.

8.2.3  MDT-15

In nematodes, mdt-15 encodes a homolog of mammalian PGC-1 and acts as co- 
activator for both NHR-49/PPARα and SBP-1/SREBP [11].
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Fig. 8.5 Effect of gene knockdown on C. elegans lifespan upon challenge with OG1RF [22]. (a) 
Kaplan–Meier survival curves showing the effect of nhr-49 and dlg-1 knockdown upon challenge 
with OG1RF. (b and c) Data from (a) shown alongside survival curves for nhr-49 and dlg-1 knock-
down upon challenge with OP50; OG1RF and OP50 survival assays were performed on separate 
occasions. Data represent three biological replicates with 20–30 nematodes each; p-values indicate 
comparisons between gene knockdown and empty vector for the same bacteria
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8.2.3.1  Involvement of MDT-15 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

It was observed that the mdt-15 RNAi or mutation substantially reduced the lifespan 
under the glucose-fed conditions (Fig. 8.3) [12]. Knockdown of mdt-15 also dra-
matically accelerated age-dependent declines in movement and feeding capacities 
under the glucose-fed conditions (Fig. 8.3) [12].

Fig. 8.6 nhr-49 is required and sufficient for stress resistance [23]. (a) Survival plots of wild-type 
N2, nhr-49(nr2041), and fmo-2(ok2147) worms on 6 mM tBOOH. (b) Survival of wild-type N2, 
nhr-49(nr2041), and fmo-2(ok2147) worms after L1 fasting over time (p < 0.05 vs N2 for both 
genotypes, determined by calculating area under the curve). (c) Survival plots of NHR-49 overex-
pressing worms (Pnhr-49::nhr-49::gfp) and nontransgenic siblings, on 6 mM tBOOH. (d) Survival 
plots of wild-type N2, glp-1(e2141), nhr-49(nr2041), and nhr-49(nr2041); glp-1(e2141) worms 
on 6 mM tBOOH. (e and f) Survival plots of wild-type (e) and glp-1(e2141) (f) worms grown on 
control RNAi or RNAi clones targeting six different NHR-49-regulated genes while exposed to 
6 mM tBOOH
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Besides these, MDT-15 was further found to be involved in the regulation of 
innate immunity of nematodes to pathogens. F08G5.6 is an immune effector con-
taining a CUB-like domain and can be transcriptionally induced by several bacterial 
pathogens. RNAi knockdown of genes in p38 MAPK signaling pathway (tir-1, pmk- 
1, and atf-7) could abrogate the induction of pF08G5.6::GFP induced by RPW-24, 
a small molecule protecting the host during the bacterial infection (Fig. 8.8) [26]. 
Similarly, RNAi knockdown of mdt-15 also eliminated the visible expression of 
pF08G5.6::GFP induced by RPW-24 (Fig. 8.8) [26].

Fig. 8.7 The effect of nhr-49 deletion on the fasting response [25]. (a) Fasting-dependent activa-
tion or repression of each fasting response gene in L4 WT (gray bars) and L4 nhr-49(nr2041) (blue 
bars). Error bars represent standard error of measurement. For nhr-49-dependent genes, the fold 
activation or repression values are displayed in the graph, above the corresponding bars. (b) Model 
demonstrating the putative role of nhr-49 in regulating fat expenditure and composition in response 
to changing food availability
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The mdt-15(tm2182) mutant nematodes were further shown to be susceptible to 
the toxicity of inorganic arsenite or organic peroxide tBOOH in reducing lifespan 
[27]. Moreover, RNAi knockdown of mdt-15 suppressed the increase in genes (gst- 
4, gcs-1, and ptps-1) induced by arsenite (Fig. 8.9) [27]. Additionally, after arse-
nite exposure, the induction of intestinal gcs-1p::gfp or gst-4p::gfp was severely 
inhibited by RNAi knockdown of mdt-15 (Fig. 8.9) [27]. These observations sug-
gest the important role of MDT-15 in the regulation of toxicity of environmental 
toxicants or stresses in nematodes.

Fig. 8.8 RNAi screen identifies a role for the C. elegans mediator subunit MDT-15 in regulating 
the induction of the p38 MAP kinase PMK-1-dependent immune reporter pF08G5.6::GFP [26]. 
(a) C. elegans carrying the pF08G5.6::GFP immune reporter were exposed to the vector control 
(L4440) or the indicated RNAi strain and then transferred at the L4 stage to either E. coli OP50 
food, P. aeruginosa, or E. coli OP50 supplemented with RPW-24 for 18  h. Photographs were 
acquired using the same imaging conditions. (b) C. elegans mdt-15(RNAi) and mdt-15(tm2182) 
animals carrying the pF08G5.6::GFP immune reporter with or without agEx114 (pmdt-15::mdt-15) 
were exposed to RPW-24 as described above. In all animals shown in this figure, red pharyngeal 
expression is the pmyo-2::mCherry co-injection marker, which confirms the presence of the 
pF08G5.6::GFP transgene. In the mdt-15(tm2182) animals carrying the agEx114 array, the pres-
ence of the pmdt-15::mdt-15 transgene is confirmed by the pmyo-3::mCherry co-injection marker 
which is expressed in the body wall muscle
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8.2.3.2  Tissue-Specific Activity of MDT-15 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

RNAi knockdown against mdt-15 in the intestine, hypodermis, or neurons could 
significantly shorten the lifespan of glucose-treated animals; mdt-15 RNAi knock-
down in body wall muscle did not (Fig. 8.3) [12], suggesting that MDT-15 acts in 

Fig. 8.9 mdt-15 is required for the transcriptional response to arsenite [27]. (a) Fold changes of 
mRNA levels (relative to untreated control(RNAi)) in L4 wild-type worms grown on control, mdt- 
15, or skn-1 RNAi and treated with 5 mM sodium arsenite for 4 h (n = 5). mRNA levels were 
normalized to act-1, ama-1, cdc-42, and tba-1; error bars represent SEM. Untreated mdt-15(RNAi) 
or skn-1(RNAi) worms differ significantly from control (RNAi) worms. Treated mdt-15 (RNAi) or 
skn-1(RNAi) worms differ significantly from control (RNAi) worms. (b) DIC and fluorescence 
micrographs show gcs-1p::gfp worms grown on control or mdt-15 RNAi after 4 h on 5 mM sodium 
arsenite. One of three repeats is shown. (c) Same as (b), except with gst-4p::gfp worms
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the intestine, the hypodermis, or the neurons to regulate the toxicity of environmen-
tal toxicants or stresses.

8.2.3.3  Targets of MDT-15 in the Regulation of Toxicity of Environmental 
Toxicants or Stresses

8.2.3.3.1 SBP-1

Genetic inhibition of sbp-1 did not decrease the short lifespan of mdt-15(RNAi) 
nematodes on a glucose-rich diet (Fig. 8.3) [12], which supports the idea that SBP-1 
and MDT-15 act together as a complex to regulate the toxicity of environmental 
toxicants or stresses.

8.2.3.3.2 SKN-1c

The yeast two-hybrid assay indicated that the MDT-15 can physically associate with 
the SKN-1c via its non-KIX-domain [27], suggesting the role of SKN-1c as the 
direct target for MDT-15 in the regulation of toxicity of environmental toxicants or 
stresses.

8.2.3.4  Upregulators of MDT-15 in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

8.2.3.4.1 SAMS-1

Under the glucose-fed conditions, the long-lived lifespan in sams-1 mutant nema-
todes could be suppressed by RNAi knockdown of mdt-15 (Fig. 8.4) [12], suggest-
ing that SAMS-1 acts upstream of MDT-15 to regulate the toxicity of environmental 
toxicants or stresses.

8.2.3.4.2 p38 MAPK Signaling Pathway

In nematodes, MAP kinase phosphatase VHP-1 is a negative regulator of the p38 
MAP kinase PMK-1. After P. aeruginosa infection, RNAi knockdown of vhp-1 
caused an increased induction of F08G5.6::GFP, and this induction of F08G5.6::GFP 
was entirely suppressed in the mdt-15(tm2182) mutant nematodes (Fig. 8.10) [26]. 
qRT-PCR further confirmed this observation, and a requirement for MDT-15 in the 
vhp-1(RNAi)-mediated induction of F08G5.6 and F35E12.5 was observed during 
the P. aeruginosa infection (Fig. 8.10) [26]. These data imply that MDT-15 acts 
downstream of the p38 MAPK signaling pathway to regulate the toxicity of envi-
ronmental toxicants or stresses.
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Fig. 8.10 The mediator subunit MDT-15 acts downstream of the p38 MAP kinase PMK-1 to regu-
late the induction of F08G5.6 and F35E12.5 [26]. (a) Wild-type or mdt-15(tm2182) mutant  
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8.2.4  NHR-80

In nematodes, nhr-80 encodes an intestinal nuclear hormone receptor to regulate the 
expression of delta-9 desaturases FAT-5, FAT-6, and FAT-7 [11]. It was found that 
some of the key genes, such as the nhr-80, was required for the increase in lifespan 
upon the removal of germline precursor cells, because the germline ablations in nhr- 
80 mutant nematodes resulted in a significant decrease in survival when fed X. 
nematophila as compared to germline-ablated wild-type nematodes (Fig. 8.11) [28], 
suggesting the potential role of NHR-80 in the regulation of toxicity of environmen-
tal toxicants or stresses.

8.3  AMPK Signaling Pathway

Insulin and TGF-β signaling pathways play important roles in regulating the fat 
storage in nematodes [11]. The functions of these two signaling pathways in regu-
lating the toxicity of environmental toxicants or stresses and the underlying mecha-
nisms have been introduced and discussed in Chaps. 5 and 6. AMP-activated kinase 
(AMPK), a major cellular fuel gauge, is responsive to the cellular AMP:ATP ratio 
and the upstream kinase cascades [11]. We here further introduced the involvement 
of AMPK in the regulation of toxicity of environmental toxicants or stresses in 
nematodes.

aak-2 encodes the homolog of the catalytic subunit of mammalian AMPK [29]. 
It was observed that the aak-2 mutant nematodes showed a hypersensitivity to heat 
or oxidative stress [30]. Mild electrical stimulation (MES) at 0.1  ms pulse can 
increase the stress resistance in wild-type nematodes. MES could not extend the 
survival rate of aak-2(gt33) or aak-2(ok524) mutant nematodes under heat stress or 
oxidative stress conditions (Fig. 8.12) [31]. Meanwhile, the expressions of anti-heat 
stress genes (hsps) and anti-oxidative stress genes (sods) in aak-2(gt33) or aak- 
2(ok524) mutant nematodes were also not induced by the MES (Fig. 8.12) [31]. 
These results suggest that AAK-2 plays an important role in MES-induced stress 
resistance in nematodes.

Fig. 8.10 (continued) synchronized L1 animals containing the pF08G5.6::GFP immune reporter 
were grown on vector control (L4440), vhp-1(RNAi), or a combination of vhp-1(RNAi) and pmk-
1(RNAi) bacteria and then transferred as L4 animals to PA14 for 18 h. Animals were photographed 
under the same imaging conditions. (b) qRT-PCR was used to examine the expression levels of 
F08G5.6, F35E12.5, and C32H11.1 in wild-type N2 and mdt-15(tm2182) mutant animals exposed 
to vhp-1(RNAi) or the vector control (L4440) under basal conditions (as described above) and 8 h 
after exposure to P. aeruginosa. Knockdown of vhp-1 caused significant induction of F08G5.6 and 
F35E12.5 in wild- type N2 animals, but not in mdt-15(tm2182) animals, under baseline (E. coli) 
and pathogen- induced conditions. The expression of C32H11.1 was significantly induced by vhp-
1(RNAi) in an mdt-15-dependent manner under baseline conditions, but not following exposure to 
P. aeruginosa. Data are the average of two biological replicates each normalized to a control gene 
with error bars representing SEM and are presented as the value relative to the average expression 
of the indicated gene in the baseline condition (L4440 animals exposed to E. coli)
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AAK-2 can be activated by the LKB1 homolog PAR-4 [30]. The par-4 mutant 
nematodes also exhibited hypersensitivity to heat or oxidative stress (Fig.  8.13) 
[31]. MES also could not extend the survival rate of par-4(it47) or par-4(it57) 
mutant nematodes under heat stress or oxidative stress conditions (Fig. 8.13) [31]. 
Additionally, MES could not induce the expression of anti-heat stress genes (hsps) 
and anti-oxidative stress genes (sods) in par-4(it47) or par-4(it57) mutant nema-
todes (Fig. 8.13) [31]. Therefore, a signaling cascade of PAR-4-AAK-2 was raised 
to be required for the regulation of toxicity of environmental toxicants or stresses in 
nematodes.

8.4  ACC and FAS

In nematodes, ACC (POD-2) controls the synthesis of malonyl CoA from the acetyl 
CoA, and FAS (FASN-1) controls the synthesis of saturated fatty acyl CoAs from 
the malonyl CoA [11]. Under the glucose-fed conditions, RNAi knockdown of ACC 
(pod-2 RNAi) or FAS (fasn-1 RNAi) caused the reduced lifespan (Fig. 8.14) [12], 
suggesting the potential involvement of ACC (POD-2) and FAS (FASN-1) in the 
regulation of toxicity of environmental toxicants or stresses in nematodes.

Fig. 8.11 Survival of germline-ablated Z(2,3) C. elegans wild type (dark blue) n = 78 (8), Z(2,3)-
ablated daf-16 (mu26) (turquoise) n = 35 (4), Z(2,3)-ablated daf-16 (mu27) (orange) n = 29 (3), 
Z(2,3)-ablated daf-16 (mu86) (light blue) n = 10 (1), Z(2,3)-ablated daf-12(m20) (pink) n = 14 (2), 
Z(2,3)-ablated tcer-1(tm1452) (purple) n = 15 (2), Z(2,3)-ablated mir-7.1(n4115) (green) n = 25 
(3), and Z(2,3)-ablated nhr-80(tm1011) (red) n = 30 (3) when exposed to X. nematophila [28]
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8.5  FAT-6 and FAT-7

In nematodes, FAT-5, FAT-6, and FAT-7 control the change from the saturated fatty 
acyl CoAs to the monounsaturated fatty acyl CoAs [11]. It was observed that RNAi 
knockdown of fat-6 or fat-7 could enhance the toxicity of paraquat (10  mM) in 
decreasing the viability, whereas RNAi knockdown of fat-5 did not affect the toxic-
ity of paraquat (10 mM) in decreasing the viability (Fig. 8.15) [24]. These observa-
tions suggest that at least FAT-6 and FAT-7 are involved in the regulation of toxicity 
of environmental toxicants or stresses.

It was further observed that the fat-6(tm331);fat-7(wa36) double mutant nema-
todes had the dramatically reduced lifespan under the cold stress condition 
(Fig. 8.16) [32]. Moreover, it was found that the fat-6(tm331);fat-7(wa36) double 
mutation could suppress the resistance of age-1(hx546) mutant nematodes to cold 
stress in reducing the lifespan (Fig. 8.16) [32]. Therefore, FAT-6 and FAT-7 may act 
downstream of the insulin signaling pathway to regulate the toxicity of environmen-
tal toxicants or stresses in nematodes.

8.6  Role of ELO Proteins in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

In nematodes, ELO proteins (such as ELO-2, ELO-5, and ELO-6) control the syn-
thesis of polyunsaturated fatty acyl CoAs from the monounsaturated fatty acyl CoAs 
[11]. It was observed that RNAi knockdown of elo-2 could enhance the toxicity of 
paraquat (10 mM) in decreasing the viability (Fig. 8.15) [24], suggesting the possible 
role of ELO proteins in regulating the toxicity of environmental toxicants or stresses.

8.7  Role of Fatty Acid Transport Protein ACS-22 
in the Regulation of Toxicity of Environmental Toxicants 
or Stresses

8.7.1  ACS-22 Regulate the Intestinal Barrier in Nematodes

Using the blue food dye of erioglaucine disodium (5.0% wt/vol in water), it was 
observed that mutation of acs-22 caused the obvious dye leakage from the intestinal 
lumen into the intestinal cells and even the body cavity under the normal conditions 
(Fig. 8.17) [33]. In control or nanopolystyrene particle (1 μg/L)-exposed wild-type 
nematodes, the dye was mainly accumulated within the intestinal lumen (Fig. 8.17) 
[33]. Moreover, the more severe dye leakage from the intestinal lumen into the 
intestinal cells and the body cavity was observed in acs-22 mutant nematodes 
exposed to nanopolystyrene particles (1 μg/L) compared with that in acs-22 mutant 
nematodes under the normal conditions (Fig. 8.17) [33].
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Fig. 8.12 MES-induced phenotypes are not observed in AMPK homolog aak-2 mutant worms 
[31]. (a–d) aak-2 mutant worms (a and b: gt33; c and d: ok524) were treated once a day with MES 
(0.1 ms, 2 V/cm, 55 pps) for 20 min at larval stage. After the last treatment, worms were incubated 
under (a and c) heat stress (30 °C) or (b and d) oxidative stress (4 mM paraquat) condition. Worms’ 
survival was checked every 24 h. Each time point is the average of three independent experiments 
using 80–100 animals per group. (e–h) aak-2 mutant worms (e and f: gt33; g and h: ok524) were 
bred on NGM plates and treated once a day with MES for 20 min at larval stage. After the last 
treatment, total RNA was extracted and subjected to quantitative real-time PCR. The mRNA levels 
were normalized to the level of β-actin (internal control). Data are presented as mean μ ± SE. n.s. 
versus control, assessed by unpaired Student’s t-test. (i) aak- 2(gt33, ok524) worms were bred on 
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8.7.2  Mutation of acs-22 Causes a Susceptibility to the Toxicity 
of Environmental Toxicants of Stresses

In nematodes, the toxicity in inducing intestinal ROS production and in decreasing 
locomotion behavior could be observed in acs-22 mutant nematodes exposed to 
nanopolystyrene particles at concentrations ≥1 μg/L (Fig. 8.18) [33]. Additionally, 
the more severe toxicity of nanopolystyrene particles (10 μg/L) in inducing intesti-
nal ROS production and in decreasing locomotion behavior was observed in acs-22 
mutant nematodes compared with that in wild-type nematodes (Fig.  8.18) [33]. 
Similarly, the susceptibility to the toxicity of multiwalled carbon nanotubes 
(MWCNTs) in decreasing locomotion behavior, in reducing brood size, and in 
inducing intestinal ROS production was also found in acs-22(tm3236) mutant nem-
atodes [34].

Moreover, it was observed that mutation of the acs-22 strengthened the distribu-
tion of MWCNTs in both the primary targeted organs, such as the pharynx and 
intestine, and the secondary targeted organs, such as spermatheca (Fig. 8.19) [34]. 
In contrast, overexpression of acs-22 could reduce the distribution of MWCNTs in 
the body of exposed nematodes (Fig. 8.19) [34].

8.7.3  Mutation of acs-22 Disrupts the Beneficial Function 
of LAB in Preventing the Toxicity of Environmental 
Toxicants or Stresses

In nematodes, the lactic acid bacteria (LAB) can prevent the graphene oxide (GO) 
toxicity on the functions of both primary and secondary targeted organs in wild-type 
nematodes [35]. Nevertheless, after the LAB administration, the significant induc-
tion of intestinal ROS production and decrease in locomotion behavior could still be 
detected in GO exposed acs-22 mutant nematodes [35]. These observations suggest 
that the beneficial effect of LAB administration in maintaining the normal intestinal 
permeability is dependent on the normal function of ACS-22.

Fig. 8.12 (continued) NGM plates and treated once a day with MES for 20 min at larval stage. 
After the last treatment, worms were stained with Nile red and observed using a fluorescent micro-
scope. (j and k) Relative fluorescence intensity of Nile red for (j) gt33 and (k) ok524 was quanti-
fied. Data are representative of two independent experiments using 40–50 animals per group. Data 
are presented as mean ± SE. ***P < 0.001 versus control without d-glucose, n.s. versus control 
with d-glucose, assessed by one-way ANOVA. (l and m) aak-2 mutant worms (l: gt33; m: ok524) 
were bred on NGM plates containing d-glucose (10 mM) and treated once a day with MES for 
20 min at larval stage. After the last treatment, total RNA was extracted and subjected to quantita-
tive real-time PCR. The mRNA levels were normalized to the level of β-actin (internal control). 
Data are presented as mean ± SE. n.s. versus control, assessed by unpaired t-test. n.s. not signifi-
cant. For mRNA analysis (e–h and l–m), data shown are representative of two independent experi-
ments using approximately 200 animals per group
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Fig. 8.13 MES-induced phenotypes are not observed in AMPK-kinase LKB1 homolog par-4 
mutant worms [31]. (a–d) par-4 mutant worms (a and b: it47; c and d: it57) were treated once a 
day with MES (0.1 ms, 2 V/cm, 55 pps) for 20 min at larval stage. After the last treatment, worms 
were incubated under (a and c) heat stress (30 °C) or (b and d) oxidative stress (4 mM paraquat) 
condition. Worm survival was checked every 24 h. Each time point is the average of three indepen-
dent experiments using 80–100 animals per group. (e–h) par-4 mutant worms (E, F: it47; G, H: 
it57) were bred on NGM plates and treated once a day with MES for 20 min at larval stage. After 
the last treatment, total RNA was extracted and subjected to quantitative real-time PCR.  The 
mRNA levels were normalized to the level of β-actin (internal control). Data are presented  

8 Functions of Metabolism-Related Signaling Pathways in the Regulation of Toxicity…



223

8.8  Perspectives

In this chapter, we only selected the fat metabolism as an example to discuss the 
potential involvement of metabolism-related signaling pathways in the regulation of 
toxicity of environmental toxicants or stresses. With the increasing attention on the 
study of molecular basis for different metabolisms in nematodes, the possible asso-
ciation of toxicity induction of environmental toxicants or stresses with different 
metabolisms will be gradually elucidated. During the elucidation of the association 
of toxicity induction of environmental toxicants or stresses with different metabo-
lisms, the potential connections between metabolism-related signaling pathways 
and the known oxidative stress or stress response-related signaling pathways in dif-
ferent tissues, especially in the intestine, are suggested to be carefully determined.

To elucidate the association of toxicity induction of environmental toxicants or 
stresses with different metabolisms, the related genetic and molecular basis should be 
clarified. Besides these, it may be more important to determine the related chemical 
basis for the formation of certain association of toxicity induction of  environmental 
toxicants or stresses with different metabolisms. That is, at least for environmental 
toxicants, what are their possible roles in the development and even in the metabo-
lisms under certain genetic mutation backgrounds?

Fig. 8.13 (continued) as mean ± SE. n.s. versus control, assessed by unpaired t-test. (I) par-4(it47, 
it57) worms were bred on NGM plates containing d-glucose (10 mM) and treated once a day with 
MES for 20 min at larval stage. After the last treatment, worms were stained with Nile red and 
observed using a fluorescent microscope. (j and k) Relative fluorescence intensity of Nile red for 
(j) it47 and (k) it57 was quantified. Data are representative of two independent experiments using 
40–50 animals per group. Data are presented as mean ± SE. ***P < 0.001 versus control without 
d-glucose, n.s. versus control with d-glucose, assessed by one-way ANOVA. (l and m) par-4 
mutant worms (l: it47; m: it57) were bred on NGM plates containing d-glucose (10 mM) and 
treated once a day with MES for 20 min at larval stage. After the last treatment, total RNA was 
extracted and subjected to quantitative real-time PCR. The mRNA levels were normalized to the 
level of β-actin (internal control). Data are presented as mean ± SE. n.s. versus control, assessed by 
unpaired t-test. n.s. not significant. For mRNA analysis (e–h and l–m), data shown are representa-
tive of two independent experiments using approximately 200 animals per group

8.8  Perspectives



Fig. 8.14 Accumulation of intermediate metabolites from glucose to FA synthesis causes short 
lifespan [12]. (a) UFA mixture (600 μM C18:1n-9, C18:1n-7, and C18:2n-6) feeding partly sup-
pressed the short lifespan of the worms treated with sbp-1 RNAi on a glucose-enriched diet. (b) 
SFA mixture (600 μM C14:0 and C16:0) greatly shortened the lifespan of wild-type animals on a 
glucose-rich diet. NP-40 (0.1%) was added to all experimental conditions in A and B. (c and d) 
Knockdown of ACC (pod-2 RNAi) (c) or FAS (fasn-1 RNAi) (d) caused very short lifespan upon 
glucose-rich diet feeding. Worms were treated with pod-2 RNAi or fasn-1 RNAi only during adult-
hood. (e) Simplified glycolysis and FA synthesis pathways and percent changes of mean lifespan 
upon genetically inhibiting enzymes in the pathways. DHAP dihydroxyacetonephosphate, G3P 
glyceraldehyde-3-phosphate, GPI glucose-6-phosphate isomerase, PFK phosphofructokinase TPI 
triosephosphate isomerase, GAPDH glyceraldehyde-3-phosphate dehydrogenase, PGK phospho-
glycerate kinase, PGAM phosphoglycerate mutase, PK pyruvate kinase, PDH pyruvate dehydro-
genase. Error bars represent SEM of mean lifespans from two independent experiments. Colored 
boxes for metabolites indicate percent changes in mean lifespan upon treatment with the respective 
metabolites. (N.D.) Not determined. (f) Knockdown of GPI (gpi-1 RNAi) partly suppressed the 
short lifespan of glucose-treated animals. (g) Aldolases(−) [aldo-1(tm5782) mutation with aldo-2 
RNAi treatment] largely suppressed the glucose toxicity on lifespan. Lifespan curves in (c, d, f, 
and g) are representative data of those shown in (e). (h) DHAP treatment greatly reduced lifespan
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Fig. 8.15 Fatty acid 
metabolism affected the 
stress (paraquat)-resistance 
mechanisms [24]. Worms 
were cultured on RNAi 
media for 72 h and treated 
with 0.5 mg/ml FUdR for 
24 h. Worms were 
transferred to RNAi plates 
containing 10 mM 
paraquat (PQ), and the 
survival rate was calculated 
after 6 days (N = 6). The 
error bar indicates the 
standard error (SEM)

Fig. 8.16 Survival curves 
wild type (N2), age- 
1(hx546) mutants, 
fat-6(tm331); fat-7(wa36) 
double mutants, and 
age-1(hx546); fat- 
6(tm331); fat-7(wa36) 
triple mutants (n = 90–100 
per genotype) under the 
cold stress condition [32]

Fig. 8.17 Effect of acs-22 
mutation on intestinal 
permeability [33]. 
Arrowheads indicate the 
dye leakage from the 
intestinal lumen into the 
body cavity. The intestinal 
lumen (*) and the intestinal 
cells (**) were indicated 
by asterisks. Prolonged 
exposure to 
nanopolystyrene particles 
was performed from 
L1-larvae to adult day 1. 
Exposure concentration of 
nanopolystyrene particles 
was 1 μg/L.

8.8  Perspectives
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Fig. 8.18 Effect of acs-22 mutation on toxicity of nanopolystyrene particles in nematodes after 
prolonged exposure [33]. (a) Effect of acs-22 mutation on toxicity of nanopolystyrene particles in 
decreasing locomotion behavior. (b) Effect of acs-22 mutation on toxicity of nanopolystyrene 
particles in inducing intestinal ROS production. Two-way ANOVA was performed for the compari-
son between wild-type and acs-22 mutant. Prolonged exposure to nanopolystyrene particles was 
performed from L1-larvae to adult day 1. Bars represent means ± SD. **P < 0.01 vs control (if not 
specially indicated)

8 Functions of Metabolism-Related Signaling Pathways in the Regulation of Toxicity…
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Fig. 8.19 Distribution of MWCNTs/Rho B in wild type, acs-22 mutant, and nematodes overex-
pressing the acs-22 gene [34]. The merged images were obtained by splitting multichannel images 
in an Image J system. The merged images can tell us the possible localization position of fluores-
cence signals in nematodes. MWCNTs/Rho B exposure was performed during development from 
L1-larvae to young adults in 12-well sterile tissue culture plates in the presence of food (OP50). 
Exposure concentration of MWCNTs/Rho B was 1 mg/L. Arrowhead indicates the spermatheca. 
The pharynx (*) and intestine (**) are also indicated

8.8  Perspectives
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Chapter 9
Functions of Protective Response-Related 
Signaling Pathways in the Regulation 
of Toxicity of Environmental Toxicants 
or Stresses

Abstract In nematodes, there are many forms of protective response potentially 
activated by environmental toxicants or stresses. We here focused on the introduction 
and discussion of important protection functions of neurotransmitters, antimicrobial 
proteins, mitochondrial UPR, endoplasmic reticulum UPR, and autophagy for 
nematodes in response to environmental toxicants or stresses. The underlying 
molecular mechanisms for the formation of these protective responses in nematodes 
exposed to environmental toxicants or stresses were also carefully discussed.

Keywords Protective response signals · Neurotransmitter · Mitochondrial UPR · 
Endoplasmic reticulum UPR · Autophagy · Environmental exposure · 
Caenorhabditis elegans

9.1  Introduction

In nematode Caenorhabditis elegans, long-term exposure to environmental toxi-
cants or stresses or short-term exposure to high doses of environmental toxicants or 
stresses can cause the severe toxicity at multiple aspects [1–5]. Meanwhile, it has 
been assumed that environmental toxicants or stresses at low doses or after short- 
term exposure may activate different forms of protective response of nematodes 
against the potential toxic effects. For example, the antioxidation defense response 
introduced in Chaps. 1 and 3 belongs to such a protective response of nematodes 
against the toxicity of environmental toxicants or stresses. Examination and 
elucidation of the detailed mechanisms for protective responses of nematodes to 
environmental toxicants or stresses will be helpful for our understanding of the 
molecular basis of toxicity induction and designing strategies to prevent the toxicity 
in nematodes exposed to certain environmental toxicants or stresses.

In this chapter, we focused on five aspects of protective responses of nematodes 
to environmental toxicants or stresses. These five protective responses are 
neurotransmitters, antimicrobial proteins, mitochondrial unfolded protein response 
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(UPR), endoplasmic reticulum UPR, and autophagy. Moreover, we discussed the 
underlying molecular mechanisms for the formation of these protective responses in 
nematodes exposed to environmental toxicants or stresses.

9.2  Neurotransmitters

The nematodes contain some classic neurotransmitters found in the vertebrates, 
such as acetylcholine, glutamate, gamma-aminobutyric acid (GABA), serotonin, 
dopamine, tyramine, and octopamine.

9.2.1  Involvement of Neurotransmitter Signals 
in the Regulation of Toxicity of Environmental Toxicants 
or Stresses

Some engineered nanomaterials have been shown to potentially cause the toxicity at 
different aspects on organisms, including the nematodes [1, 6–12]. bas-1 encodes 
an aromatic acid decarboxylase required for serotonin and dopamine synthesis, eat- 
4 encodes a glutamate transporter, and tdc-1 encodes an aromatic-L-amino-acid/L- -
histidine decarboxylase required for making tyramine and octopamine. With the 
Al2O3-nanoparticles (NPs) (60 nm) as an example, after acute exposure for 6 or 
12 h, mutations of bas-1 or eat-4 could significantly suppress the Al2O3-NP toxicity 
in decreasing locomotion behavior; however, mutation of tdc-1 could not affect the 
Al2O3-NP toxicity in decreasing locomotion behavior (Fig. 9.1) [13], which implies 
that glutamate, serotonin, and/or dopamine may regulate the toxicity formation of 
environmental toxicants or stresses in nematodes.

cat-2 encodes a tyrosine hydroxylase essential for dopamine synthesis, dat-1 
encodes a dopamine transporter, tph-1 encodes a tryptophan hydroxylase required 
for serotonin synthesis, and mod-5 encodes a serotonin transporter. Moreover, after 
acute exposure for 6 or 12 h, mutation of cat-2 or tph-1 could significantly suppress 
the Al2O3-NP toxicity in decreasing locomotion behavior (Fig. 9.1) [13], suggesting 
that both the dopamine and the serotonin may be required for the formation of 
Al2O3-NP toxicity in nematodes. Meanwhile, after acute exposure for 6 or 12 h, 
mutation of dat-1 or mod-5 could also significantly suppress the Al2O3-NP toxicity 
in decreasing locomotion behavior (Fig. 9.1) [13]. These results suggest the crucial 
functions of at least dopamine and serotonin transporters in the toxicity formation 
of environmental toxicants or stresses in nematodes.

Moreover, it was observed that the octopamine administration could enhance the 
resistance to the oxidative stress induced by paraquat in nematodes (Fig. 9.2) [14]. 
RNAi knockdown of daf-16 encoding the FOXO transcriptional factor in the insulin 
signaling pathway, but not the skn-1 encodes the Nrf protein required for the control 
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of oxidative stress, could suppress the formation of this resistance from octopamine 
administration to oxidative stress induced by paraquat (Fig. 9.2) [14]. It was further 
found that the octopamine administration induced the DAF-16 nuclear accumulation 
in a dose-dependent manner [14]. Therefore, the octopamine is involved in the 
regulation of toxicity of environmental toxicants or stresses by inducing DAF-16 
nuclear accumulation, and its function is dependent on the DAF-16 in nematodes.

9.2.2  Genetic Interactions of Neurotransmitter Signals 
in the Regulation of Toxicity of Environmental Toxicants 
or Stresses

Genetic interaction analysis demonstrated that the more severe Al2O3-NP toxicity in 
decreasing locomotion behavior was formed in the bas-1eat-4 double mutant 
compared with that in bas-1 or in eat-4 single mutant (Fig. 9.3) [13], implying that 

Fig. 9.1 Formation of adverse effects on locomotion behavior in Al2O3-NP-exposed nematodes 
requires glutamate, dopamine, and serotonin [13]. (a) The head thrashes in Al2O3-NP-exposed 
wild-type N2, bas-1, eat-4, and tdc-1 mutant nematodes. (b) Body bends in Al2O3-NP-exposed 
wild-type N2, bas-1, eat-4, and tdc-1 mutant nematodes. (c) Head thrashes in Al2O3-NP-exposed 
wild-type N2, cat-2, dat-1, tph-1, and mod-5 mutant nematodes. (d) Body bends in Al2O3-NP- 
exposed wild-type N2, cat-2, dat-1, tph-1, and mod-5 mutant nematodes. Al2O3-NP exposure at the 
concentration of 25 mg/L was performed at the L4 larval stage. Data are quantified as percentage 
suppression of locomotion behavior between naïve and Al2O3-NP-exposed conditions for each 
genotype. % suppression = (locomotion behavior under the naïve condition – locomotion behavior 
under the Al2O3-NP-exposed condition)/locomotion behavior under the naïve condition. Bars 
represent mean ± SEM **p < 0.01

9.2 Neurotransmitters
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glutamate signal may function in the parallel pathways with dopamine signal or 
serotonin signal in the regulation of toxicity of environmental toxicants. Additionally, 
the more severe Al2O3-NP toxicity in decreasing locomotion behavior was detected 
in the tph-1cat-2 double mutant compared with that in tph-1 or in cat-2 single 
mutant, and the more severe Al2O3-NP toxicity in decreasing locomotion behavior 
was observed in the mod-5;dat-1 double mutant compared with that in mod-5 or in 
dat-1 single mutant (Fig.  9.3) [13], suggesting that dopamine signal and the 
serotonin signal may further function in the parallel pathways in the regulation of 
toxicity of environmental toxicants.

Fig. 9.2 Octopamine-enhanced oxidative stress resistance requires DAF-16 [14]. (a) Survival 
curves of the indicated RNAi-treated worms after 2 days of octopamine (OA) treatment at the 
indicated doses are shown. [Control RNAi-treated worms, n = 30 (0, 5 and 10 mg/mL); daf-16 
RNAi-treated worms, n = 30 (0, 5 and 10 mg/mL); skn-1 RNAi-treated worms, n = 30 (0 and 
10 mg/mL), 18 (5 mg/mL)]. *P < 0.05, ***P < 0.001, log-rank (Mantel–Cox) test. (b) Survival 
curves of indicated worms after 2 days of OA treatment at the indicated doses are shown. [N2 
worms, n = 40 (0 and 5 mg/mL), 39 (20 mg/mL); daf-16 worms, n = 40 (0, 5 and 20 mg/mL)]. 
**P < 0.01, ***P < 0.001, log-rank (Mantel–Cox) test. (c) The mean survival rate of at least three 
independent experiments after 13 h of paraquat treatment. The error bars represent SE. *P < 0.05, 
t-test
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Fig. 9.3 Genetic interactions of glutamate, dopamine, and serotonin in regulating the formation of 
adverse effects on locomotion behavior in Al2O3-NP-exposed nematodes [13]. (a and b) Genetic 
interactions of bas-1 and eat-4 genes in regulating the formation of adverse effects on locomotion 
behavior in Al2O3-NP-exposed nematodes. (c and d) Genetic interactions of tph-1 and cat-2 genes 
in regulating the formation of adverse effects on locomotion behavior in Al2O3-NP-exposed 
nematodes. (e and f) Genetic interactions of mod-5 and dat-1 genes in regulating the formation of 
adverse effects on locomotion behavior in Al2O3-NP-exposed nematodes. Al2O3-NP exposure at 
the concentration of 25 mg/L was performed at the L4 larval stage. Data are quantified as percentage 
suppression of locomotion behavior between naïve and Al2O3-NP-exposed conditions for each 
genotype. % suppression = (locomotion behavior under the naïve condition – locomotion behavior 
under the Al2O3-NP-exposed condition)/locomotion behavior under the naïve condition. Bars 
represent mean ± SEM **p < 0.01
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9.2.3  Serotonin Response to Environmental Toxicants or 
Stresses

The environmental pathogens can potentially result in toxic effects at many aspects 
on human beings and animals, including the nematodes [15–22]. In nematodes, tph- 
1 encodes a rate-limiting serotonin (5-HT) biosynthesis enzyme tryptophan 
hydroxylase. With the Pseudomonas aeruginosa PA14 as an example, PA14 
infection significantly increased the TPH-1 expression (Fig. 9.4) [23], suggesting 
the serotonin response to pathogen infection.

Fig. 9.4 TIR-1 signaling selectively regulates tph-1::gfp response to pathogenic bacterial food 
[23]. (a) PA14-induced ADF tph-1::gfp upregulation was impaired in tir-1(tm3036lf) and tir- 
1(yz68gf) mutants. (b) tir-1(tm3036lf) and tir-1(yz68gf) mutations did not block tph-1::gfp 
upregulation during dauer formation. (c) TIR-1 is not required for tph-1::gfp upregulation caused 
by changes in cilial morphology. Mutations in daf-6/Patched alter the morphology of dendritic 
cilia of all chemosensory neurons including ADF and cause ADF tph-1::gfp upregulation on its 
own as well as in tir-1(lf) background. (d) tir-1(yz68gf) and daf-6 mutations confer additive 
upregulation of tph-1::gfp in the ADF neurons. Data represent the average of three trials each with 
at least 20 animals per strain per condition 6 SEM. The value of ADF GFP fluorescence in WT 
animals under a stress paradigm and that of mutants is normalized to the value of WT animals 
under optimal conditions. *p < 0.05, **p < 0.01, ***p < 0.001
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Moreover, it was observed that this TPH-1 increase induced by PA14 infection 
could be suppressed by tir-1 mutation (Fig. 9.4) [23]. In nematodes, it has been 
proven that the TIR-1 selectively regulates the serotonergic response to the toxicity 
of environmental toxicants or stresses.

9.2.4  Neurotransmitter Receptors

9.2.4.1  Dopamine Receptors

The neurotransmitters exert their functions by acting on certain corresponding 
receptors. In nematodes, after acute exposure for 6 or 12  h, mutation of dop-1 
significantly suppressed the Al2O3-NP toxicity in decreasing locomotion behavior; 
however, mutation of dop-2, dop-3, or dop-4 did not obviously affect the Al2O3-NP 
toxicity in decreasing locomotion behavior (Fig.  9.5) [13], suggesting the 
involvement of D1-like dopamine receptor DOP-1 in the regulation of toxicity of 
environmental toxicants in nematodes.

Moreover, among the examine dopamine receptor mutants, only the dop- 
4(tm1392) mutant nematodes showed an enhanced resistance to P. aeruginosa 
infection compared with wild-type nematodes (Fig. 9.6) [24]. The dop-4(tm1392) 
mutant nematodes did not show a significant lifespan extension on heat-killed 
bacteria compared to wild-type nematodes (Fig. 9.6) [24], indicating that DOP-4 
may modulate immunity without affecting longevity. The conserved p38/PMK-1 
MAP kinase pathway was further proven to be required for the enhanced resistance 
to P. aeruginosa infection of dop-4 mutant nematodes [24]. Furthermore, the 
dopaminergic CEP neurons were identified in controlling the immunity through 
DOP-4 expressed in ASG neurons [24].

9.2.4.2  Serotonin Receptors

After acute exposure for 6 or 12 h, mutation of mod-1 significantly suppressed the 
Al2O3-NP toxicity in decreasing locomotion behavior; however, mutation of ser-1, ser-
4, or ser-7 did not obviously influence the Al2O3-NP toxicity in decreasing locomotion 
behavior (Fig. 9.5) [13], suggesting that the ionotropic serotonin receptor MOD-1 is 
required for the regulation of toxicity of environmental toxicants in nematodes.

9.2.4.3  Glutamate Receptors

After acute exposure for 6 or 12  h, mutation of glr-2 or glr-6 significantly sup-
pressed the Al2O3-NP toxicity in decreasing locomotion behavior; however, muta-
tion of glr- 1, glr-3, glr-4, glr-5, glr-7, glr-8, nmr-1, or nmr-2 did not obviously 
affect the Al2O3-NP toxicity in decreasing locomotion behavior (Fig. 9.5) [13], sug-
gesting the involvement of non-NMDA receptors of GLR-2 and GLR-6 in the regu-
lation of toxicity of environmental toxicants or stresses in nematodes.
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9.2.4.4  Octopamine Receptors

In nematodes, OCTR-1, SER-3, and SER-6 are octopamine receptors. It was found 
that only deletion mutation of ser-3 or ser-6 suppressed the octopamine-induced 
enhancement in the resistance to oxidative stress induced by paraquat (Fig.  9.7) 
[14]. Moreover, the double mutation of ser-3 and ser-6 could more substantially 

Fig. 9.5 Formation of adverse effects on locomotion behavior in Al2O3-NP-exposed nematodes 
requires dopamine receptor DOP-1, serotonin receptor MOD-1, and glutamate receptors GLR-2 
and GLR-6 [13]. (a) Head thrashes in Al2O3-NP-exposed wild-type N2, dop-1, dop-2, dop-3, and 
dop-4 mutant nematodes. (b) Body bends in Al2O3-NP-exposed wild-type N2, dop-1, dop-2, dop- 
3, and dop-4 mutant nematodes. (c) Head thrashes in Al2O3-NP-exposed wild-type N2, ser-1, ser- 
4, ser-7, and mod-1 mutant nematodes. (d) Body bends in Al2O3-NP-exposed wild-type N2, ser-1, 
ser-4, ser-7, and mod-1 mutant nematodes. (e) Head thrashes in Al2O3-NP-exposed wild-type N2, 
glr-1, glr-2, glr-3, glr-4, glr-5, glr-6, glr-7, glr-8, nmr-1, and nmr-2 mutant nematodes. (f) Body 
bends in Al2O3-NP-exposed wild-type N2, glr-1, glr-2, glr-3, glr-4, glr-5, glr-6, glr-7, glr-8, nmr-1, 
and nmr-2 mutant nematodes. Al2O3-NP exposure at the concentration of 25 mg/L was performed 
at the L4 larval stage. Data are quantified as percentage suppression of locomotion behavior 
between naïve and Al2O3-NP-exposed conditions for each genotype. % suppression = (locomotion 
behavior under the naïve condition – locomotion behavior under the Al2O3-NP-exposed condition)/
locomotion behavior under the naïve condition. Bars represent mean ± SEM **p < 0.01
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suppress the octopamine-enhanced resistance to oxidative stress than single muta-
tion of ser-3 or ser-6 (Fig. 9.7) [14], suggesting that SER-3 and SER-6 act in the 
parallel pathway to regulate this resistance enhancement. These results suggest the 
involvement of octopamine receptors of SER-3 and SER-6 in the regulation of tox-
icity of environmental toxicants or stresses in nematodes.

Fig. 9.6 The D1-like dopamine receptor DOP-4 controls immunity against P. aeruginosa infec-
tion [24]. (a) Wild-type animals and dopamine receptor mutants were exposed to P. aeruginosa 
PA14 and scored for survival. WT vs dop-4(tm1392): p < 0.0001. (b) Wild-type and dop-4(tm1392) 
animals were exposed to heat-killed P. aeruginosa PA14 and scored for survival. WT vs dop- 
4(tm1392): p > 0.1. (c) Wild-type, dop-4(tm1392), and dop-4(ok1321) animals were exposed to P. 
aeruginosa PA14 and scored for survival. WT vs dop-4(tm1392): p < 0.001; WT vs dop-4(ok1321): 
p < 0.001. (d) Wild-type and dop-4(tm1392) animals were exposed to P. aeruginosa PA14 in the 
presence or absence of dopamine and scored for survival. WT vs WT+DA: p < 0.01; dop-4(tm1392) 
vs dop-4(tm1392)+DA: p  >  0.1. (e) Wild-type and dop-4(tm1392) animals were exposed to P. 
aeruginosa PA14 in the presence or absence of chlorpromazine and scored for survival. WT vs 
WT+CPZ: p < 0.001; dop-4(tm1392) vs dop-4(tm1392)+CPZ: p > 0.1. (f) Wild-type and dop- 
4(tm1392) animals were exposed to a full lawn of P. aeruginosa PA14 and scored for survival. WT 
vs dop-4(tm1392): p < 0.001. (g) Wild-type and dop-4(tm1392) animals were cultured on partial 
pathogen lawns, and the percentage of animals on the pathogen lawn was calculated for each time 
point. (h) Wild-type and dop-4(tm1392) animals were exposed to P. aeruginosa PA14-GFP for 
30 h and visualized using a Leica M165 FC fluorescence stereomicroscope. Scale bar = 0.5 mm. 
(i) Wild-type and dop-4(tm1392) animals were exposed to P. aeruginosa PA14-GFP for 30 h, and 
the colony-forming units (CFU) were counted. Ten animals were used for each condition. All bars 
represent means ± SEM; *p < 0.05
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9.2.5  Function of Neurotransmission in the Regulation 
of Toxicity of Environmental Toxicants or Stresses

aex-3 encoding a guanine exchange factor for GTPase is required for neuronal ves-
icle trafficking and synaptic vesicle release [25, 26]. Mutation of aex-3 enhanced 
both the induction of intestinal ROS production and the intestinal permeability in 

Fig. 9.7 Octopamine administration enhances oxidative stress resistance in an SER-3- and SER- 
6- dependent manner [14]. (a) Survival curves of N2 worms after 2  days of octopamine (OA) 
treatment at the indicated dose, which were exposed to 300 mM paraquat, are shown. [n = 40 (0, 5 
and 20 mg/mL)]. **P < 0.01, ***P < 0.001, log-rank (Mantel–Cox) test. (b) The mean body length 
(left) and width (right) of N2 worms after 1 or 2 days of OA treatment at indicated doses are 
shown. [n = 7 (0, 5 and 10 mg/mL)]. The error bars represent SD. **P < 0.01, t-test. (b) Box plot 
of the pumping rates of worms after 2 h or 2 days of OA treatment at the indicated doses is shown. 
Boxes denote median and 25–75 percentile, and whiskers denote minimum/maximum values of 
the data set. [n  =  30 (0, 5 and 20  mg/mL for 2  h); n  =  20 (0, 5 and 20  mg/mL for 2  days)]. 
***P < 0.001, t-test. (d) Survival curves of indicated worms exposed to 300 mM paraquat after 
2 days of OA treatment at the indicated dose are shown. [n = 40 in the cases unmentioned below. 
n = 39 (20 mg/mL in N2 compared to octr-1), 37 (5 mg/mL in ser-3), and 39 (20 mg/mL in ser-3)]. 
(e) The mean survival rate of at least three independent experiments after 17  h of paraquat 
treatment. The error bars represent SE
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nematodes exposed to graphene oxide (GO), a carbon-based nanomaterial (Fig. 9.8) 
[27]. Exposure to GO (10 mg/L) could further significantly increase the transcrip-
tional expressions of sod-1, sod-2, sod-3, and sod-4 in aex-3 mutant compared with 
those in wild-type nematodes (Fig. 9.8) [27]. Meanwhile, exposure to GO (10 mg/L) 
could significantly increase the transcriptional expressions of clk- 1 and isp-1 in aex-
3 mutant compared with those in wild-type nematodes (Fig. 9.8) [27]. Thus, the 
molecular basis for neurotransmission may be involved in the response to or the 
regulation of toxicity of environmental toxicants or stresses.

9.3  Antimicrobial Proteins

9.3.1  Response of Antimicrobial Proteins to the Toxicity 
of Environmental Toxicants or Stresses

The bacterial or fungal pathogens can induce the innate immune response in nema-
todes by activating the expression of antimicrobial proteins, although the antimicro-
bial function for most of these proteins has not been confirmed. With P. aeruginosa 
PA14 infection as an example, PA14 infection could induce the activation of a series 
of antimicrobial proteins (Fig. 9.9) [28]. In contrast, under the normal conditions 

Fig. 9.8 Effect of aex-3 mutation on the induction of oxidative stress in nematodes [27]. (a) Effect 
of aex-3 mutation on the induction of oxidative stress. (b) Effect of aex-3 mutation on the 
expressions of sod genes. (c) Effect of aex-3 mutation on the expression of clk-1, isp-1, mev-1, and 
gas-1. Prolonged exposure was performed from L1-larvae to young adults. GO exposure 
concentration was 10 mg/L. Bars represent means ± SD. **p < 0.01 versus wild type
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(fed on E. coli OP50), these antimicrobial proteins would not be activated (Fig. 9.9) 
[28]. The activation of these antimicrobial proteins was regulated by some signaling 
pathways, such as the insulin signaling pathway (Fig. 9.9) [28]. The molecular basis 
for the induction of innate immune response has been well-described in some 
reviews [29–34]. The signaling pathways involved in the control of innate immunity 
in nematodes contain MAPK signaling pathways, insulin and related signaling 
pathways, development-related signaling pathways, and cell death and DNA dam-
age-related signaling pathways. The involvement of these signaling pathways in the 
regulation of toxicity of environmental toxicants or stresses has been introduced and 
discussed in Chaps. 4, 5, 6, and 7.

With GO as the example, it was further observed that acute exposure to GO 
(10  mg/L) could induce the significant increase in expressions of lys-1, dod-6, 
F55G11.4, lys-8, and spp-1 in nematodes (Fig. 9.10) [35]. lys-1 and lys-8 encode 
lysozymes, dod-6 encodes a protein downstream of DAF-16, F55G11.4 encodes a 

Fig. 9.9 Genetic interaction between sdz-24 and daf-2 in the regulation of innate immune response 
to P. aeruginosa PA14 infection [28]. (a) Genetic interaction between sdz-24 and daf-2 in the 
regulation of survival in P. aeruginosa PA14-infected nematodes. Statistical comparisons of the 
survival plots indicate that, after P. aeruginosa PA14 infection, the survival of sdz-24(yd101);daf- 
2(e1370) was not significantly different from that of sdz-24(RNAi) (P = 0.9218), and the survival 
of sdz-24(yd101);daf-2(e1370) was significantly different from that of daf-2(e1370) (P < 0.0001). 
(b) Genetic interaction between sdz-24 and daf-2 in the regulation of CFU of P. aeruginosa 
PA14 in the body of nematodes. (c) Genetic interaction between sdz-24 and daf-2 in the regulation 
of expression patterns of antimicrobial genes in P. aeruginosa PA14-infected nematodes. 
Normalized expression is presented relative to wild-type expression. Bars represent mean ± SD. 
**P < 0.01 vs wild type (if not specially indicated)
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protein containing a CUB-like domain, and spp-1 encodes a caenopore. LYS-1 is 
expressed in the neurons and the intestine, F55G11.4 is expressed in the intestine, 
and LYS-8 is expressed in the neurons and the intestine. Acute exposure to GO 
(10 mg/L) could further significantly increase the expression of LYS-1::GFP in both 
the neurons and the intestine, the intestinal expression of F55G11.4::GFP, and the 
expression of LYS-8::GFP in both the neurons and the intestine (Fig. 9.10) [35]. 
These results suggest that the expression of some antimicrobial protein-mediated 
innate immune response may be activated for nematodes against the toxicity of 
environmental toxicants or stresses.

Fig. 9.10 Response of antimicrobial proteins to GO exposure [35]. (a) Effect of acute exposure to 
GO on the expressions of antimicrobial genes. (b) Effect of prolonged exposure to GO on the 
expressions of antimicrobial genes. (c) Effect of acute exposure to GO on the expressions of LYS- 
1::GFP, F55G11.4::GFP, and LYS-8::GFP. Arrowheads indicate the neurons in the head and the 
intestine, respectively. Acute exposure to GO was performed from young adult for 24 h. Prolonged 
exposure was performed from L1-larvae to young adults. GO exposure concentration was 
10 mg/L. Bars represent means ± SD. **p < 0.01 vs control

9.3 Antimicrobial Proteins



244

9.3.2  Molecular Control of Toxicity of Environmental 
Toxicants or Stresses by Antimicrobial Proteins

In nematodes, it has been observed that mutation of lys-1, lys-8, or spp-1 induced a 
susceptibility to GO toxicity in inducing intestinal ROS production and in decreasing 
locomotion behavior (Fig. 9.11) [35]. Additionally, RNAi knockdown of dod-6 or 
F55G11.4 also induced a susceptibility to GO toxicity in inducing intestinal ROS 
production and in decreasing locomotion behavior (Fig. 9.11) [35]. These results 
suggest that these antimicrobial proteins may negatively regulate the toxicity of 
environmental toxicants or stresses in nematodes.

Meanwhile, it has been found that intestine-specific RNAi knockdown of the 
antimicrobial gene of lys-1, dod-6, F55G11.4, lys-8, or spp-1 also caused a 
susceptibility to GO toxicity in nematodes using the transgenic strain of VP303 as 
an intestine-specific RNAi knockdown tool [35], which implies that these 
antimicrobial proteins can at least act in the intestine in response to environmental 
toxicants or stresses.

9.4  Mitochondrial UPR

Recently, the induction and the molecular control of mitochondrial UPR have been 
introduced and discussed in some reviews [36].

9.4.1  Induction of Mitochondrial UPR in Nematodes Exposed 
to Environmental Toxicants or Stresses

HSP-6::GFP and HSP-60::GFP can be employed as the markers for mitochondrial 
UPR [36]. In nematodes, a screen was performed from a chemical library containing 
1200 compounds to identify the compounds that specifically activated the 
mitochondrial UPR [37]. The testing concentration for the compounds was 100 mM, 
and HSP-60::GFP was used as a marker of mitochondrial UPR [37]. The oxidative 
agent paraquat was used as a positive control during the screen [37]. After the 
screen, eight compounds were identified, and only four of the eight compounds 
might specifically cause the activation of the mitochondrial UPR without meanwhile 
activating the ER UPR as indicated by the maker of HSP-4::GFP (Fig. 9.12) [37]. 
The identified four compounds were minocycline hydrochloride, methacycline 
hydrochloride, chlorprothixene hydrochloride, and auranofin [37].

Additionally, infection with the P. aeruginosa PA14 could also induce the mito-
chondrial UPR as indicated by the increase in both HSP-60 and HSP-6 (Fig. 9.13) 
[38]. Moreover, it was observed that induction of mitochondrial UPR might be reg-
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Fig. 9.11 Mutation or RNAi knockdown of antimicrobial genes induced an enhanced susceptibil-
ity to GO toxicity [35]. (a) Mutation or RNAi knockdown of antimicrobial genes induced an 
enhanced susceptibility to GO toxicity in inducing intestinal ROS production. (b) Mutation or 
RNAi knockdown of antimicrobial genes induced an enhanced susceptibility to GO toxicity in 
decreasing locomotion behavior. Prolonged exposure was performed from L1-larvae to young 
adults. GO exposure concentration was 10 mg/L. Bars represent means ± SD. **p < 0.01 vs wild 
type (if not specially indicated)
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ulated by multiple P. aeruginosa virulence factors (Fig. 9.13) [38]. Infection with P. 
aeruginosa strains lacking individual siderophore, pyocyanin, or cyanide toxin 
genes caused the less mitochondrial UPR activation than wild-type P. aeruginosa 
(Fig. 9.3) [38]. That is, multiple pathogen toxins will target the mitochondrial func-
tion, which will then result in the mitochondrial UPR activation.

Fig. 9.12 Four drugs specifically activate the UPRmt [37]. Treatment of four drugs specifically 
activates UPRmt reporters (hsp60::GFP) but not the UPRer reporter (hsp4::GFP). (a–d) GFP 
induction of UPRmt reporters and UPRer reporters on various doses of drugs. (e) shows corresponding 
images. The bars show the average ± SEM (n > 20). *p < 0.05; **p < 0.01; ***p < 0.001 in paired 
Student’s t-test
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Fig. 9.13 Multiple P. aeruginosa virulence genes contribute to UPRmt activation [38]. (a and b) 
Expression of hsp-60 and hsp-6 mRNA for glp-4(bn2) worms exposed to E. coli or P. aeruginosa 
liquid-killing using qRT-PCR (N = 3, ± SD). Fold inductions are normalized to wild-type E. coli 
test group, *p < 0.05 (Student’s t-test). (c) Quantitation of survival for glp-4(bn2) worms raised on 
control or atfs-1(RNAi) and exposed to P. aeruginosa liquid-killing, *p < 0.0001 (Student’s t-test). 
(d) List of P. aeruginosa toxin mutants. (e) Quantitation of the proportion of worms showing 
increased hsp-6pr::gfp expression in the intestine under slow-killing conditions. Exposure to P. 
aeruginosa caused hsp-6pr::gfp induction (N = 3, ± SE), *p < 0.05 (Student’s t-test). However, 
exposure to P. aeruginosa with mutations in the pvdA, pvdD, pvdF, phzM, hcnB, or hcnC toxin 
genes resulted in relatively less UPRmt activation (N = 3, ± SE), **p < 0.05 (Student’s t-test)
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9.4.2  Molecular Basis for Mitochondrial UPR Induced 
by Environmental Toxicants or Stresses

9.4.2.1  ATFS-1

atfs-1 encodes a leucine zipper (bZIP) transcription factor containing both a mito-
chondrial targeting sequence (MTS) and a nuclear localization sequence (NLS). 
The mitochondrial UPR is regulated by the ATFS-1 [36, 38]. Besides the expression 
pattern of ATFS-1, the presence of dual subcellular localization sequences enables 
ATFS-1 to mediate a mitochondrial-to-nuclear communication (Fig.  9.14) [36]. 
That is, under the homeostatic conditions, ATFS-1 is efficiently imported into the 
mitochondrial matrix, in which it will be degraded by the protease LON (Fig. 9.14) 
[36]. However, under the mitochondrial UPR conditions, the mitochondrial import 
of ATFS-1 will be reduced, which will then cause its accumulation in the cytosol 
and further traffic to the nucleus to activate the transcriptional response (Fig. 9.14) 
[36]. It is supposed that the cells may use the mitochondrial import efficiency as an 
indicator of mitochondrial function, and employ the ATFS-1 as both a sensor and a 
mitochondria-to-nucleus signaling mechanism [36].

ATFS-1 not only induced the mitochondrial protective genes but also regulated 
the innate immunity in nematodes [38]. The survival of atfs-1(RNAi) nematodes 
was significantly reduced when exposed to P. aeruginosa, but not E. coli (Fig. 9.15) 
[38], suggesting that ATFS-1 activation may mediate a protective transcriptional 
response to environmental toxicants or stresses. Moreover, it was found that 
mitochondrial UPR pre-activation by allowing the nematodes to develop on spg- 
7(RNAi) for 2  days prior to pathogen exposure could dramatically reduce the 
intestinal accumulation of P. aeruginosa and prolong the survival of nematodes 
challenged with P. aeruginosa, which required the atfs-1 (Fig. 9.15) [38], suggesting 
that mitochondrial UPR activation can promote the pathogen clearance. Similarly, 
the atfs-1 gain-of-function mutant atfs-1(et18), which constitutively activates 
mitochondrial UPR, accumulated less P. aeruginosa-GFP in the intestine and 
survived longer than wild-type nematodes (Fig. 9.15) [38].

Furthermore, it was observed that the increase in mitochondrial chaperone 
reporter (hsp-6 and hsp-60pr::gfp) activation in the intestine by P. aeruginosa 
exposure required the atfs-1 and was correlated with the increased nuclear 
accumulation of ATFS-1::GFP and the NLS in ATFS-1 (Fig. 9.16) [38], implying 
that the nuclear accumulation of ATFS-1 is required for mitochondrial UPR 
activation in nematodes exposed to environmental toxicants or stresses.

haf-1 encodes a mitochondria-localized ATP-binding cassette protein. The defect 
in the mitochondrial UPR signaling in haf-1 deleted nematodes was associated with 
the failure of ATFS-1 to localize to nuclei in nematodes with perturbed mitochondrial 
protein folding [39]. During the mitochondrial stress, more ATFS-1 accumulated 
within mitochondria was observed in haf-1(ok705) mutant nematodes (Fig. 9.17) 
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Fig. 9.14 Model by which mitochondrial import efficiency of ATFS-1 and gene products induced 
by ATFS-1 promote mitochondrial network recovery [36]. (a) The transcription factor ATFS-1 
harbors both a mitochondrial targeting sequence (MTS) and a nuclear localization sequence 
(NLS). ATFS-1 is efficiently imported into healthy mitochondria (green); however, import 
efficiency is reduced by OXPHOS or mitochondrial proteostasis perturbations that cause 
mitochondrial dysfunction (yellow, red). If ATFS-1 fails to be imported into mitochondria, it is 
trafficked to the nucleus where it induces transcription of mitochondrial protective genes including 
mitochondrial chaperones and proteases, antioxidants as well as mitochondrial protein import 
components. In turn, mitochondrial import of the protective gene products promotes organelle 
stabilization and recovery. (b) Relative to the proteins induced during the UPRmt, the program 
MitoFates predicts that ATFS-1 has a substantially weaker mitochondrial signal sequence. It was 
hypothesized that a weak MTS allows ATFS-1 to be sensitive to modest mitochondrial dysfunction 
and translocate to the nucleus. In turn, the strong MTSs in those proteins induced by ATFS-1 can 
still enter dysfunctional mitochondria with reduced import efficiency to recover function. HSP-6, 
HSP-60, and DNJ-10 are mitochondrial chaperones, MPPA-1 is a subunit of the mitochondrial 
presequence processing protease, PPGN-1 is a matrix-localized protease, GLRX-5 is a glutaredoxin 
that functions in mitochondrial iron–sulfur cluster biogenesis, MRPS-14 is a subunit of the 
mitochondrial ribosome, and TSFM-1 is a mitochondrial translational elongation factor, all of 
which are induced during mitochondrial dysfunction by ATFS-1. NUO-1, SDHB-1, and ATP-2 are 
all subunits of the OXPHOS complexes, none of which are activated by the UPRmt (complexes I, 
II, and V, respectively)

9.4 Mitochondrial UPR



250

[40]. Import into the mitochondrial matrix requires the TOM complex, the TIM23 
complex, the electron transport chain (ETC), and the matrix-localized molecular 
chaperone HSP70. It was found that tim-23(RNAi) caused the ATFS-1::GFP to 
accumulate within the nuclei and strong induction of hsp-60pr::gfp expression, and 
impairment of HSP-70 or the ETC by the isp-1(qm150) mutation or cco-1(RNAi) 
activated the mitochondrial UPR (Fig.  9.17) [40]. Meanwhile, the haf-1(ok705) 
mutant nematodes were unable to induce hsp-60pr::gfp expression caused by the 
clk-1(qm30) mutation or 30 μg/ml EtBr (Fig. 9.17) [40]. Nevertheless, the mito-
chondrial UPR activation caused by the conditions that directly inhibited mitochon-

Fig. 9.15 UPRmt activation provides resistance to P. aeruginosa [38]. (a and b) Survival of worms 
on control or atfs-1(RNAi) exposed to P. aeruginosa or E. coli. (c and d) Images and quantitation 
of P. aeruginosa-GFP in wild-type or atfs-1(tm4919) worms on control or spg-7(RNAi). Scale bar, 
0.1 mm. (N = 35 each treatment). (e) Survival of wild-type and atfs-1(tm4919) worms on control 
or spg-7(RNAi) exposed to P. aeruginosa. (f and g) Images and quantitation of P. aeruginosa-GFP 
in wild-type and atfs-1(et18) worms on control or atfs-1(RNAi) (N = 35 each treatment). Scale bar, 
0.1 mm. (h) Survival of wild-type and atfs-1(et18) worms on control or atfs-1(RNAi) exposed to 
P. aeruginosa
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Fig. 9.16 Nuclear accumulation of ATFS-1 is required for UPRmt activation during P. aeruginosa 
exposure [38]. (a) Representative photomicrographs of F35E12.5pr::gfp transgenic worms raised 
on control or spg-7(RNAi). No detectable increase in expression was observed following spg- 
7(RNAi) treatment. In contrast, strong expression of F35E12.5pr::gfp was observed following 
exposure to P. aeruginosa compared to E. coli controls. Scale bar, 0.5 mm. (b) Wild-type or atfs- 
1(tm4525);hsp-60pr::gfp worms on E. coli or P. aeruginosa. Lower panels are magnified views of 
the intestine showing enhanced expression of hsp-60pr::gfp (asterisks). Scale bars, 0.05 mm. (c) 
Diagrams of wild-type ATFS-1 (ATFS-1FL) and ATFS-1 with a mutated nuclear localization signal 
(ATFS-1ΔNLS). (d) Photomicrographs of atfs-1(tm4525);hsp-60pr::gfp worms expressing ATFS-1FL 
or ATFS-1ΔNLS via the hsp-16 promoter exposed to E. coli or P. aeruginosa. Scale bar, 0.1 mm
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drial import, such as tomm-40(RNAi), tim-23(RNAi), cco-1(RNAi), or paraquat, did 
not require the haf-1 (Fig. 9.17) [40], suggesting that HAF-1 affects the mitochon-
drial UPR signaling by modulating the mitochondrial import of ATFS- 1. Mutating 
the NLS in ATFS-1 lacking the MTS could prevent HSP-60::GFP expression 
(Fig. 9.17) [40], indicating that when ATFS-1 cannot be imported into mitochon-
dria, ATFS-1 requires the NLS for further mitochondrial UPR activation.

Fig. 9.17 HAF-1 modulates UPRmt signaling by slowing mitochondrial import of ATFS-1 [40]. 
(a) Photomicrographs of wild-type and haf-1(ok705); hsp-60pr::gfp worms raised on control, tim- 
23, cco-1(RNAi), EtBr, or 0.5 mM paraquat. Scale bar, 0.5 mm. The images for cco-1(RNAi) and 
paraquat were exposed longer because of smaller worm size. (b) Immunoblots of wild-type, clk- 
1(qm30) or clk-1(qm30); haf-1(ok705) worms raised on control or lon(RNAi). (c) Photomicrographs 
of atfs-1(tm4525); hsp-60pr::gfp worms expressing wild-type (FL) ATFS-1, ATFS-1Δ1–32.myc, or 
ATFS-1Δ1–32.myc.ΔNLS raised on control(RNAi). The lower panel harbors the haf-1(ok705) allele. 
Scale bar, 0.5 mm. (d) Schematic illustrating ATFS-1 regulation
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9.4.2.2  Chromatin Remodeling

It was further observed that the chromatin can be specifically remodeled during 
mitochondrial dysfunction to promote the mitochondrial UPR activation [36]. 
During this process, histone methyltransferase MET-2  in concert with LIN-65, 
along with two jumonji domain histone demethylases, JMJD-3.1 and JMJD-1.2, 
was required for mitochondrial UPR activation [36].

In nematodes, both the homeodomain-containing transcription factor DVE-1 and 
the small ubiquitin-like protein UBL-5 were required for the activation of mito-
chondrial UPR [41]. The activation of the mitochondrial UPR was also correlated 
temporally and spatially with nuclear redistribution of DVE-1 and the enhanced 
binding to the promoters of mitochondrial chaperone genes [41]. Moreover, the 
chromatin state could be stabilized by the DVE-1 and the UBL-5 [36].

9.4.2.3  NDUF-7

In nematodes, NDUF-7 is a component of complex I in the mitochondrial electron 
transport chain. The loss-of-function nduf-7(et19) mutant nematodes exhibit consti-
tutive and ATFS-1-dependent activation of mitochondrial UPR and prolonged lifes-
pan, and these phenotypes were mediated by the ROS production (Fig. 9.18) [42]. 
Additionally, the lifespan extension of nduf-7(et19) mutant nematodes was depen-
dent on pro-apoptotic gene ced-4 (Fig. 9.18) [42]. These data imply the important 
role of NDUF-7-mediated molecular basis for ROS in activating ATFS-1 and mito-
chondrial UPR in nematodes exposed to environmental toxicants or stresses.

9.4.3  Targets of Mitochondrial UPR Signaling Pathway 
in Nematodes Exposed to Environmental Toxicants or 
Stresses

9.4.3.1  Mitochondrial Components Required for the Control 
of Mitochondrial Function

In nematodes, HSP-6, HSP-60, and DNJ-10 (mitochondrial chaperones), MPPA-1 
(a subunit of the mitochondrial presequence processing protease), PPGN-1 (a 
matrix-localized protease), GLRX-5 (a glutaredoxin that functions in mitochondrial 
iron–sulfur cluster biogenesis), MRPS-14 (a subunit of the mitochondrial ribosome), 
and TSFM-1 (a mitochondrial translational elongation factor) could be induced 
during mitochondrial dysfunction by ATFS-1 (Fig.  9.19) [36, 40]. The detailed 
information was discussed in the review [36].
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Fig. 9.18 The nduf-7(et19) mutant has defective respiration and extended lifespan and requires 
ROS but not ced-4 for UPRmt activation [42]. (a) nduf-7(et19) mutant worms have reduced 
respiration rate. (b) nduf-7(et19) mutant worms have an extended lifespan that is suppressed when 
these worms carry wild-type nduf-7 as a transgene (a and b lines). (c) Constitutive hsp-60::GFP 
expression is suppressed by nicotinic acid (NAC) in nduf-7(et19) mutant but not in atfs-1(et15) 
mutant worms. ***P < 0.001 using Student’s t-test. (d) The ced-4(n1162) mutation has no effect on 
its own or on the constitutive expression of hsp-60::GFP in the nduf-7(et19) mutant
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9.4.3.2  Antimicrobial Proteins

In nematodes, the antimicrobial peptide abf-2, secreted lysozyme lys-2, and two 
C-type lectins could be induced during the mitochondrial stress (Fig. 9.20) [38]. 
Meanwhile, it was found that the induction of innate immune genes by spg-7(RNAi) 
required the ATFS-1 (Fig.  9.20) [38], suggesting that ATFS-1 transcriptionally 
upregulated the innate immune genes during the mitochondrial stress.

In nematodes, P. aeruginosa also generates the exotoxin A, which impairs the 
protein synthesis and leads to induction of the innate immune gene (irg-1) via tran-
scription factor ZIP-22. The induction of irg-1pr::gfp by mitochondrial stress was 

Fig. 9.19 ATFS-1 mediates a broad and protective transcriptional program [40]. (a) Representative 
photomicrographs of wild-type or isp-1(qm150) worms raised on control or atfs-1(RNAi). Scale 
bar, 1  mm. (b) Heat map comparing gene expression patterns of wild-type or atfs-1(tm4525) 
worms raised on control or spg-7(RNAi). (c) Functional categories of the 391 ATFS-1-dependent 
genes identified by hierarchical clustering. (d–g) Expression levels of dnj-10, skn-1, gpd-2, and 
tim-23 mRNA in wild-type or atfs-1(tm4525) worms raised on control or spg-7(RNAi) determined 
by qRT-PCR (N = 3, ± SD, p* (Student’s t-test) <0.05)
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also blocked in atfs-1(tm4919) and partially in zip-2(tm4248) mutant nematodes 
(Fig. 9.20) [38]. Additionally, the ZIP-22 induction during the mitochondrial stress 
also required the atfs-1 (Fig. 9.20) [38]. Therefore, ATFS-1 regulates a subset of 
innate immune genes during the mitochondrial stress in nematodes exposed to envi-
ronmental toxicants or stresses.

Fig. 9.20 ATFS-1 induces innate immunity genes during mitochondrial dysfunction [38]. (a) 
UPRmt regulation. (b) ATFS-1-dependent UPRmt genes in common with genes induced by P. 
aeruginosa. (c–f) abf-2, lys-2, clec-4, and clec-65 transcripts in wild-type or atfs-1(tm4919) worms 
on control versus spg-7(RNAi) (N = 3, ± SD), *p < 0.05 (Student’s t-test). (g–j) Antimicrobial 
peptide transcripts in mammalian cells during mitochondrial stress caused by expression of 
dominant-negative AFG3L2 (DN), or misfolded ornithine transcarbamylase (ΔOTC) (N = 3, ± 
SD), *p < 0.05 (Student’s t-test). (k) irg-1pr::gfp in wild-type, atfs-1(tm4919) or zip-2(tm4248) 
worms on control versus spg-7(RNAi). Scale bar, 0.15 mm. (l) zip-2 transcripts in wild-type or 
atfs-1(tm4919) worms on control or spg-7(RNAi) (N = 3, ± SD), * p < 0.05 (Student’s t-test)
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9.4.3.3  Oxidative Phosphorylation Machinery (OXPHOS) Complex

ATFS-1 also bound the promoters of OXPHOS complex assembly factors and iron–
sulfur biogenesis components. For example, ATFS-1 bound promoters of nuaf-1 
and Y17G9B.5 (ECSIT), two NADH ubiquinone oxidoreductase assembly factors, 
and lpd-8 (NFU1), a Fe–S cluster biogenesis component, and these genes could be 
induced during mitochondrial stress in an atfs-1-dependent manner (Fig. 9.21) [43]. 

Fig. 9.21 ATFS-1 promotes OXPHOS complex assembly during mitochondrial dysfunction [43]. 
(a–c) ChIP-seq profiles of nuaf-1, lpd-8, and Y17G9B.5 of wild-type worms raised on spg- 
7(RNAi), using ATFS-1 antibody or no antibody. The y-axis is the number of sequence reads, and 
the x-axis is approximately 2.5 kilobases with the start codon marked with an arrowhead. (d–f) 
Expression levels of nuaf-1, lpd-8, and Y17G9B.5 mRNA in wild-type or atfs-1(tm4525) worms 
raised on control or spg-7(RNAi) determined by qRT-PCR (N = 3, ± SD, p* (Student’s t-test) 
<0.05) (right panels). (g) SDS-PAGE immunoblots of extracts from wild-type and atfs-1(tm4525) 
worms raised on control or spg-7(RNAi). COX1 is a component of the cytochrome c oxidase 
complex (IV), and tubulin was used as a loading control. (h) SDS-PAGE immunoblots of extracts 
from wild-type and atfs-1(tm4525) worms raised on control or spg-7(RNAi) (upper three panels). 
The lower two panels are blue-native PAGE immunoblots of the same extracts. NDUFS3 is a 
component of the NADH ubiquinone oxidoreductase complex, ATP5A is an ATP synthase 
component, and tubulin was used as a loading control. (i) Oxygen consumption in wild-type or 
atfs-1(tm4525) worms raised on control or spg-7(RNAi) (N = 3, ± SD, p* (Student’s t-test) <0.05)
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atfs-1(tm4525) mutant nematodes expressed higher levels of NDUFS3 (complex I) 
and ATP5A (complex V) when raised on spg-7(RNAi) (Fig. 9.21) [43], suggesting 
that atfs-1 limits the OXPHOS mRNA accumulation. Additionally, assembly of 
complexes I and V was reduced in atfs-1-deletion nematodes (Fig. 9.21) [43], sug-
gesting that ATFS-1 promotes the OXPHOS process in nematodes.

9.5  Endoplasmic Reticulum (ER) UPR

9.5.1  Induction of ER UPR in Nematodes Exposed 
to Environmental Toxicants or Stresses

9.5.1.1  Induction of ER UPR by Environmental Toxicants or Stresses

With the pore-forming toxin (PFT) of Cry5B as an example and hsp-4::GFP (the 
ire-1 regulated gene) and xbp-1 expression as the markers of ER UPR, feeding the 
Escherichia coli expressing Cry5B induced the increase in both xbp-1 expression 
and intestinal hsp-4::GFP expression (Fig. 9.22) [44], suggesting the induction of 
ER UPR and the activation of IRE-1 pathway in nematodes exposed to environmen-
tal toxicants or stresses.

9.5.1.2  Alteration in ER UPR Induction During the Aging Process

In nematodes, the hsp-4p::GFP could also be induced by tunicamycin, an inhibitor 
of N-linked glycosylation, and this induction was dependent upon xbp-1 and ire-1 
(Fig. 9.23) [45]. The induction of hsp-4p::GFP was robust at days 1–2 of adulthood, 
but reduced sharply by days 3–4 (Fig. 9.23) [45]. Moreover, the induction of hsp- 
4p::GFP was nonexistent by days 7–10 of adulthood during the aging process 
(Fig. 9.23) [45]. The similar performance was also observed for the xbp-1 expres-
sion (Fig. 9.23) [45]. Moreover, the transcriptional upregulation of UPRER target 
genes (hsp-4, crt-1, T14G8.3, and Y41C4A.11) was also significantly reduced by 
day 5 (Fig. 9.23) [45]. That is, both the xbp-1 splicing and the UPRER-induced tran-
scriptional changes can be abrogated with the aging process in nematodes.
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Fig. 9.22 The IRE-1 UPR is activated in response to PFTs [44]. (a) xbp-1 mRNA splicing is 
induced in wild-type C. elegans fed E. coli expressing Cry5B compared to control E. coli not 
expressing Cry5B. The time the worms were allowed to feed on the E. coli before total RNA was 
prepared for RT-PCR is indicated at the top, and the positions of the nucleotide size markers are 
indicated at the left. (b) Compared to worms fed control non-Cry5B-expressing E. coli, in vivo 
activation of hsp-4::GFP occurs specifically in the intestines of worms fed Cry5B-expressing E. 
coli for 8 h. As a comparison for GFP induction, separate worms on control bacteria were heat 
shocked at 30 °C for 8 h to induce the ER stress response by causing unfolded proteins. The heat 
shock worms have a strong increase in GFP throughout the body including the head, intestine, and 
hypodermis. Thus, although the entire worm is capable of activating the ire-1-xbp-1 pathway as 
judged by hsp-4 induction, activation in Cry5B-fed animals is occurring only in those cells targeted 
by the PFT.  Images taken by light microscopy are compared to images with fluorescence 
microscopy. Scale bar is 0.2 mm. The experiment was performed three times, and representative 
worms are shown. (c) Aerolysin induces activation of IRE1  in mammalians cells. Exposure of 
HeLa cells to proaerolysin (2 ng/mL) leads to increased production of spliced XBP1 protein as 
shown on this immunoblot (upper) and quantitated relative to no toxin control (lower). DTT 
(10 mg/mL for 2 h) was used as a positive control. Positions of molecular weight markers (kDa) 
are indicated on the right side of the figure. A nonspecific antibody-reacting band was used as a 
loading control and normalization of the XBP1 signal in each lane
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Fig. 9.23 The ability to activate the UPRER declines with age [45]. (a) hsp-4p::GFP UPRER 
reporter worms were treated at days 1, 4, 7, and 10 of adulthood with 25 ng/μl tunicamycin in M9 
buffer, or buffer only, for 4 h, and GFP fluorescence assessed. (b) hsp-4p::GFP UPRER reporter 
worms were treated as above at days 1, 2, 3, 4, 7, and 10 of adulthood, and GFP expression was 
measured by fluorimetry. Fold inductions relative to untreated animals are shown, with error bars 
indicating mean ± standard error of the mean (SEM) (n = 3). A Student’s t-test was used to assess 
statistical significance of induction at each age: *p < 0.05, n/s = not significant. (c) N2 animals 
were treated as above at day 1 and day 5 of adulthood. Transcript levels of UPR regulators and 
targets in tunicamycin-treated (red) and untreated (black) animals were measured by quantitative 
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9.5.2  Molecular Basis for ER UPR Induced by Environmental 
Toxicants or Stresses

9.5.2.1  ER UPR Transducers (IRE-1, PEK-1, and ATF-6)

In nematodes, ire-1 encodes a transmembrane serine/threonine protein kinase, pek- 
1 encodes a transmembrane protein kinase, and atf-6 encodes an ortholog of mam-
malian transmembrane ATF6α. IRE-1, PEK-1, and ATF-6 are three important ER 
UPR transducers in nematodes. Under the normal conditions, among the examined 
atf-6(ok551), pek-1(ok275), and ire-1(v33) mutant nematodes, the ire- 1(v33) mutant 
nematodes are clearly smaller than the other strains [44]. Among these genes, the 
severe susceptibility to the toxicity was observed only in ire-1(v33) mutant or ire-
1(RNAi) nematodes exposed to the PFT toxin of Cry5B at the low moderate levels 
(Fig. 9.24) [44]. Additionally, the moderate susceptibility to the toxicity was also 
observed in the atf-6(ok551) mutant nematodes exposed to the PFT toxin of Cry5B 
at the low moderate levels (Fig. 9.24) [44]. No susceptibility to the toxicity was 
observed in the pek-1(ok275) mutant nematodes exposed to the PFT toxin of Cry5B 
at the low moderate levels (Fig. 9.24) [44]. Therefore, both ATF-6 and IRE-1 are 
involved in the regulation of toxicity of environmental toxicants or stresses in 
nematodes.

9.5.2.2  XBP-1

xbp-1 encodes a bZIP transcriptional factor. The XBP-1 protein encoded by the 
processed murine xbp-1 mRNA accumulated during the ER UPR, whereas the pro-
tein encoded by unprocessed xbp-1 mRNA did not [47]. In nematodes, it has been 
shown that xbp-1 mRNA is an IRE-1 substrate or a direct target required for the 
IRE-1 signaling [46, 47]. Activation of the ER UPR caused the IRE-1-dependent 
splicing of a small intron from xbp-1 mRNA [47]. In nematodes, mutations in either 
ire-1 or xbp-1 could abolish the ER UPR induction [47].

Among the examined atf-6(ok551), pek-1(ok275), ire-1(v33), and xbp-1(zc12) 
mutant nematodes, the susceptibility was observed only in the ire-1(v33) and the 
xbp-1(zc12) mutant nematodes exposed to the PFT toxin of Cry5B at the low mod-
erate levels (Fig. 9.24) [44]. Meanwhile, expression of xbp-1s under the sur-5p pro-
moter constitutively could activate the ER UPR and prevent the decline in ER stress 
resistance [45].

Fig. 9.23 (continued) RT-PCR, with error bars indicating mean  ±  standard deviation (SD). A 
Student’s t-test was used to assess significance: ***p < 0.005, n/s = not significant. (d) Schematic 
describing the measurement of age-dependent ER stress resistance. Animals are transferred to 
plates containing tunicamycin at either day 1 or day 7 of adulthood. (e) N2 (black) and xbp-1(zc12) 
(red) animals were transferred at day 1 and day 7 of adulthood to plates containing 50 μg/ml 
tunicamycin, and survival was monitored (N2 day 1, median lifespan 7 days; xbp-1(zc12) day 1, 
median lifespan 5 days; p < 0.0001. N2 day 7, median lifespan 4 days; xbp-1(zc12) day 7, median 
lifespan 4 days; p = 0.9211)
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Fig. 9.24 Loss of specific UPR pathways causes hypersensitivity to PFT but not other toxins or 
pathogenic bacteria [44]. (a) Comparison of ER stress response mutants to wild-type N2 on 25% 
Cry5B-expressing E. coli plates indicates ire-1(v33) and xbp-1(zc12) are hypersensitive to Cry5B 
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In nematodes, neuronal xbp-1s expression could induce a cell-nonautonomous 
activation of the ER UPR [45]. Additionally, it was observed that the expression of 
intestinal XBP-1 was required for the protection of nematodes against the Cry5B 
PFT toxicity [44]. Therefore, both neuronal and intestinal activities of XBP-1 are 
necessary for XBP-1 in regulating the ER UPR in nematodes exposed to environ-
mental toxicants or stresses. Upon the ER stress, activation of hsp-4p::GFP expres-
sion was dependent on the presence of functional IRE-1 and XBP-1 [45]. After 
expression of rab-3p::xbp-1s in hsp-4p::GFP animals that had an ire-1(v33) mutant 
background, it was further found that the ire-1(v33) mutation prevented ER UPR 
activation in the intestine of rab-3p::xbp-1s animals expressing neuronal XBP- 1, 
whereas the neuronal ER UPR activation was still significantly upregulated 
(Fig. 9.25) [45]. Meanwhile, after feeding with xbp-1 RNAi, ER UPR in neurons 
was significantly activated by neuronally expressed xbp-1s; however, the distal ER 
UPR induction was abolished by rab-3p::xbp-1s (Fig. 9.25) [45]. That is, endoge-
nous IRE-1 signaling regulates the cell-nonautonomous ER UPR activation in distal 
cells, and the endogenous XBP-1 is required for the perception of this signal.

In addition, the increase in both IRE-1 and PEK-1 activities in XBP-1 deficiency 
in the absence of exogenous compounds to impose the ER stress implies that the ER 
UPR signaling maintains ER homeostasis in response to the extremes of ER stress, 
and the negative feedback loops involving the activation of IRE-1-XBP-1 and 
PEK-1 pathways may be formed in nematodes [48].

Fig. 9.24 (continued) intoxication. Two representative worms are shown for each strain 48 h after 
feeding either on E. coli without Cry5B or on E. coli of which 25% expressed Cry5B. Scale bar is 
0.2 mm. (b) A lethal concentration assay was performed using purified Cry5B toxin to quantita-
tively compare sensitivities of wild-type N2 and the ER stress mutants. Lethality was determined 
after 8 days. This semi-log graph represents three independent experiments, and each data point is 
the mean and standard deviations of the experiments. (c) A Cry5B developmental inhibition assay 
was performed beginning with synchronized worms at the first larval stage. Worms were grown on 
plates containing different percentages of Cry5B-expressing E. coli (% Cry5B as indicated under 
the figure), and the percent of worms reaching the L4 stage or adulthood 72 h later is indicated. 
ire- 1(v33) was included only on the plates with 0% Cry5B. Data are presented as mean and stan-
dard deviation. (d) A lethal concentration assay comparing sensitivity to CuSO4 revealed xbp-
1(zc12) is not hypersensitive compared to wild-type N2. Lethality was determined after 8 days of 
CuSO4 exposure, the same time frame as the Cry5B lethality assay. Data, plotted semi-log, are the 
mean and standard deviation of three independent experiments. (e) A lethal concentration assay 
comparing sensitivity to H2O2 revealed xbp-1(zc12) is not hypersensitive compared to wild-type 
N2. Lethality was determined after 4 h of H2O2 exposure. Data, plotted semi-log, are the mean and 
standard deviation of three independent experiments. (f) A lifespan assay was used to compare the 
ER stress mutants to slow killing by P. aeruginosa PA14. This graph represents combined data 
from three experiments
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Fig. 9.25 Cell-nonautonomous activation of the UPRER requires ire-1 and xbp-1 [45]. (a) 
Fluorescent micrograph of hsp-4p::GFP and hsp-4p::GFP; ire-1(v33) worms expressing rab- 
3p::xbp-1s at day 1 of adulthood. (b) Using a COPAS Biosort, fluorescence in the nerve ring and 
intestine was approximated by measuring GFP fluorescence in equidistant sections through the 
proximal 25% (nerve ring) and distal 75% (intestine) of hsp-4p::GFP (−) and hsp-4p::GFP; rab- 
3p::xbp-1s or hsp-4p::GFP; rab-3p::xbp-1s; ire-1(v33) (+) worms. Total fluorescence in each 
region was divided by number of sections to give average fluorescence per section, which was then 
averaged among animals and normalized to control hsp-4p::GFP worms. Error bars indicate  
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9.5.2.3  HPL-2

hpl-2 encodes the homolog of heterochromatin protein 1 (HP1). In nematodes, it 
has been shown that HPL-2 downregulates the intestinal ER UPR [49]. Inactivation 
of HPL-2 caused an enhanced resistance to ER stress, and this was dependent on the 
XBP-1 and the induction of autophagy as reflected by the expressions of LGG-1 and 
LGG-2 (Fig. 9.26) [49]. The increased resistance to ER stress in hpl-2 mutant nema-
todes was associated with the increased basal levels of XBP-1 activation and ER 
chaperone expression under the physiological conditions [49]. The activities of both 
intestinal and neuronal HPL-2 were required for its function in influencing the ER 
stress response, and the intestinal HPL-2 expression was sufficient to rescue the 
stress resistance [49]. For the underlying mechanism, it was raised that the retino-
blastoma protein homolog LIN-35 and the LIN-13 zinc finger protein acted in the 
same pathway with HPL-2 to limit the ER stress response [49]. The LIN-13 can 
physically interact with and recruit the HPL-2 to the nuclear foci. That is, HPL-2 
may regulate the ER UPR response in nematodes exposed to environmental toxi-
cants or stresses by affecting the functions of these two retinoblastoma proteins.

9.5.2.4  Components for mRNA Surveillance

Based on the RNAi screen of mutants exhibiting synthetic growth and intestinal 
defects with the ire-1(v33) mutant nematodes, genes (exos-3 and F48E8.6) encod-
ing subunits of the exosome complex that functions in mRNA surveillance were 
identified for the induction of ER UPR response [50]. RNAi knockdown of these 
genes caused the ER stress [50]. Additionally, as indicated by the alterations in 
HSP-4::GFP and hsp-4 expression, the ER UPR could be activated in nematodes 
with the mutations of smg-1 or smg-6 encoding the products required for nonsense- 
mediated mRNA decay (NMD) [50], suggesting the involvement of NMD-mediated 
mRNA quality in controlling the ER UPR response. Although the ER stress could 
not activate the mRNA surveillance complex assembly, these observations imply 
the potential interaction between mRNA surveillance control and induction of ER 
UPR response in nematodes exposed to environmental toxicants or stresses.

Fig. 9.25 (continued) mean ± SD. A Student’s t-test was used to assess significance: ***p < 0.005, 
n/s = not significant. (c) Fluorescent micrograph of hsp-4p::GFP; rab-3p::xbp-1s worms grown on 
empty vector and xbp-1 RNAi. (d) Fluorescence in the nerve ring and intestine was approximated 
as above in hsp- 4p::GFP animals on control empty vector RNAi (−) and hsp-4p::GFP; rab-
3p::xbp-1s animals on control or xbp-1 RNAi (+). Error bars indicate mean ± SD. A Student’s 
t-test was used to assess significance: ***p < 0.005, n/s = not significant. (e) Survival of rab-
3p::xbp-1s and N2 worms grown on empty vector control or xbp-1 RNAi (rab-3p::xbp-1s on xbp-1 
[red], median lifespan 18 days; rab-3p::xbp-1s on empty vector [orange], median lifespan 22 days; 
p < 0.0001)
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9.5.3  Targets of ER UPR Signaling Pathway in Nematodes 
Exposed to Environmental Toxicants or Stresses

9.5.3.1  ABU Proteins

The ABU (activated in blocked UPR) family proteins were identified to be poten-
tially induced in ER-stressed xbp-1 mutant nematodes compared with those in 
ER-stressed wild-type nematodes [51]. Among these genes, RNAi knockdown of 
abu-1 activated the ER stress marker hsp-4::gfp in otherwise normal animals and 
killed 50% of ER-stressed ire-1 and xbp-1 mutant nematodes [51].

Fig. 9.26 Loss of HPL-2 increases ER stress resistance and activates the UPR [49]. (a) Survival 
assay showing the proportion of wild-type (WT) or hpl-2 animals reaching adulthood after 72 h of 
development from eggs laid on plates containing 3 μg/mL tunicamycin (TM), 5  mM DTT, or 
10 μM thapsigargin (TG) at 20 °C. Two-way ANOVA with factors “genotype” (WT, hpl-2) and 
“treatment” (control, TM, DTT, and TG) was used for statistical analysis. (b and c) HPL-2 acts 
through XBP-1 and IRE-1 to influence the ER stress response. (b) Survival assay of mutant animals 
treated as in A (3 μg/mL TM). One-way ANOVA with factor genotype (WT, xbp-1, hpl-2, xbp- 
1;hpl-2). (c) Survival assay on RNAi animals treated as in A (3 μg/mL TM). Two-way ANOVA 
with factors genotype (WT, hpl-2) and “presence or absence of ire-1 RNAi.” (d) Quantitative real- 
time PCR (qPCR) analysis of total and spliced xbp-1 mRNA in hpl-2 relative to WT young adults 
grown on plates with or without TM (5 μg/mL) for 6 h. Two-way ANOVA with factors genotype 
(WT, hpl-2) and specific treatment” (nontreated control, TM) (n.s., not significant). (e) qPCR 
analysis of UPR targets in hpl-2 mutant relative to WT young adults. (f) Quantification of hsp- 
4::mCherry expression in the intestine of WT and hpl-2 animals grown on plates with or without 
TM (5 μg/mL, 8 h at 20 °C). For E and F, an unpaired Student’s t-test was performed. For all tests, 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.005, ****P ≤ 0.0001. ANOVA was performed using Graphpad 
Prism version 6.0 for Macintosh GraphPad software, followed by Holm–Sidak for all pairwise 
multiple comparisons. Results represent the mean of at least three independent experiments
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More importantly, RNAi knockdown of abu-1 enhanced the effect of RNAi 
knockdown of sel-1 encoding a protein functioning in ER-associated protein degra-
dation [51], suggesting that the ABU proteins may interact with abnormal ER client 
proteins to induce an impaired UPR in nematodes.

9.5.3.2  Immune Response Genes

Mutation or RNAi knockdown of vit-1, vit-2, vit-4, or vit-5 suppressed the enhanced 
ER UPR [52]. The more severe susceptibility to pathogen infection was observed in 
vit-1, vit-2, vit-4, or vit-5 mutant nematodes with the RNAi knockdown of xbp-1 or 
ire-1 compared with the xbp-1(RNAi) or ire-1(RNAi) [52], suggesting that VIT pro-
teins act in parallel pathways with IRE-1-XBP-1 signaling in the regulation of ER 
UPR response in nematodes exposed to environmental toxicants or stresses.

During the control of innate immunity, it was further observed that a subset of 
downregulated genes associated with defense responses to Gram-negative and 
Gram-positive bacteria were enriched in vit-2 mutant nematodes, and these down-
regulated genes included lysozymes, saposin-like proteins (spp genes), and C-type 
lectins (Fig. 9.27) [52], suggesting that VIT proteins may regulate the innate immune 
response by activating the antimicrobial proteins in nematodes.

9.5.4  Upregulators of ER UPR Signaling Pathway 
in Nematodes Exposed to Environmental Toxicants or 
Stresses

9.5.4.1  p38 MAPK Signal Pathway

The p38 MAPK signaling activation and the upregulation of ttm-2, a downstream 
transcriptional target of the p38 MAPK pathway, could occur normally in the xbp- 
1(zc12) mutant nematodes [44], suggesting that the ER UPR is not required for the 
activation of p38 MAPK signaling pathway in response to environmental toxicants 
or stresses in nematodes. It was further found that the activation of ire-1-xbp-1 
pathway and HSP-4::GFP in response to PFT was dependent on the p38 MAPK 
signaling pathway [44], implying that the p38 MAPK signaling pathway is required 
for the activation of the ire-1-xbp-1 pathway in nematodes exposed to environmen-
tal toxicants or stresses.

9.5.4.2  CDC-48-RUVB-2 Signaling Cascade

In organisms, ER accumulation of misfolded proteins activates the ER UPR response 
in order to restore the ER homeostasis. In nematodes, AAA+ ATPase p97/CDC-48 
plays a key role in the ER stress by promoting both ER protein degradation and 
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transcription of ER UPR response genes [53]. Based on the reporter-based genome- 
wide RNAi screen, at least RUVB-2, a AAA+ ATPase, was identified as the repres-
sor of ER UPR response genes, and the degradation of RUVB-2 by CDC-48 
enhanced the expression of ER UPR response genes through an XBP1-dependent 
mechanism (Fig. 9.28) [53], which suggests the important role of protein degrada-
tion in regulating the expression of ER UPR response genes in nematodes exposed 
to environmental toxicants or stresses.

9.5.4.3  CED-1

In nematodes, PQN (prion-like glutamine[Q]/asparagine[N]-rich domain-bearing 
protein)/ABU (activated in blocked unfolded protein response) proteins represent a 
noncanonical UPR response [54]. Based on a full-genome microarray analysis, 

Fig. 9.27 vit-2(ac3) animals exhibit reduced expression of immune genes [52]. (a) List of 
immune-related genes that are downregulated in vit-2(ac3) animals compared to SJ4005 animals. 
(b) qRT-PCR for selected immune genes. The bar graph shows the means plus SD for three 
independent experiments. Comparing the values of all genes in vit-2(ac3) animals versus SJ4005 
animals, P <  0.0001. (c) Model for the effects of mutations in vitellogenin proteins on innate 
immunity. Mutations in vitellogenin proteins lead to enhanced ER stress. Accumulation of mutated 
vitellogenin proteins and/or enhanced ER stress leads to suppression of secreted immune effectors 
in an IRE-1-independent manner, resulting in an enhanced susceptibility to pathogen infection

9 Functions of Protective Response-Related Signaling Pathways in the Regulation…



269

Fig. 9.28 Identification of RUVB2 as a candidate CDC-48 target [53]. (a) List of RNAi clones 
suppressing the cdc-48.2(_/_) phenotype. (b) Graph representing identified peptide number 
identified in function of peptide quantity ratio. cdc-48.2(_/_); ckb-2::gfp and ckb-2::gfp synchronized 
L1 larvae were grown to the L4 stage and exposed to tunicamycin (5 μg/ml) for 16 h on plates. 
Proteins (60 μg) were separated on a 10% SDS gel. A coomassie blue staining image representative 
of the SDS gel is shown on the left (1: cdc-48.2(_/_); ckb-2::gfp, 2: ckb-2::gfp). Gel lanes were cut 
into slices before proteins were in-gel-digested. Peptides were then identified and quantified by 
label-free LC-MS/MS mass spectrometry. Peptides that were more (magenta) or less (cyan) 
abundant in the cdc-48.2(_/_);ckb-2::gfp than in ckb-2::gfp worms were defined as those having a 
ratio above 1.5 or below 0.5, respectively. N = 3. (c) Graph representing peptide quantity ratio 
((cdc-48.2(_/_); ckb-2::gfp)/(ckb-2::gfp)) for the 93 proteins that are more abundant in cdc-48.2(_/_) 
mutant background compared to WT background
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CED-1, a phagocytic receptor recognizing the cell corpses and initiating their 
engulfment, was identified to have the function in activating the expression of pqn/
abu genes, and abu-1 and pqn-54 were downregulated 3.3- and 2.6-fold, respec-
tively, in ced-1(e1735) mutant nematodes [54]. The pqn/abu genes expressed in a 
CED-1- dependent manner were required for innate immunity to live bacterial 
pathogen (S. enterica), and overexpression of pqn/abu genes conferred a protection 
for nematodes to pathogen-mediated killing [54]. Moreover, pqn/abu genes 
expressed in a CED-1- dependent manner were further found to be required for the 
defense to pharyngeal invasion by S. enterica in nematodes (Fig.  9.29) [54]. 
Therefore, the CED-1 may regulate the noncanonical UPR response genes during 
the control of toxicity of environmental toxicants or stresses in nematodes.

Fig. 9.29 pqn/abu genes expressed in a CED-1-dependent manner are required for C. elegans 
defense to pharyngeal invasion by S. enterica [54]. (a–d) Confocal images show the pharynx of 
wild-type (a and b) and ced-1(e1735) (c and d) animals infected for 48 h with S. enterica expressing 
GFP. In the merged images (b and d), the terminal bulb of the pharynx is indicated with arrows. (e) 
Confocal image of the terminal bulb of an abu-1::gfp(zcEx8) animal showing pharyngeal 
expression of ABU-1::GFP. (f) Confocal image of the infected terminal bulb of a ced-1(e1735) 
animal fed S. enterica expressing GFP for 48 h. (g) The percentage of nematodes with infected 
pharynxes when fed S. enterica expressing GFP for 48 h was determined for wild-type and ced- 
1(e1735) animals exposed to dsRNA for vector control and wild-type animals exposed to dsRNA 
targeting abu-1 and abu-11. (h) The percentage of nematodes with infected pharynxes when fed S. 
enterica expressing GFP for 48 h was determined for geEx106[rol-6(su1006)] and geEx104[rol- 
6(su1006)abu-11(+)] animals. Bars correspond to mean ± SD.
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9.5.4.4  SKN-1/Nrf

SKN-1/Nrf, an important transcriptional factor for the control of oxidative stress, 
was further found to be required for the response of nematodes to ER UPR [55]. 
SKN-1 was regulated by the ER UPR and UPR factors (Fig. 9.30) [55]. Meanwhile, 
SKN-1 also regulated the ER UPR signaling and transcription factors, such as IRE- 
1, and binded to common downstream targets with XBP-1 and ATF-6 (Fig. 9.30) 
[55]. Moreover, SKN-1 was essential for resistance of nematodes to the ER stress, 
and SKN-1-mediated responses to the oxidative stress also depended upon signal-
ing from the ER (Fig. 9.30) [55]. Therefore, a feedback mechanism may be formed 
during the regulation of ER UPR response in nematodes exposed to environmental 
toxicants or stresses.

9.5.4.5  MDT-15

As indicated by the alterations in expressions of hsp-4 and spliced xbp-1 (xbp-1s), 
mutation of mdt-15 resulted in ER UPR activation (Fig. 9.31) [56]. Similarly, hsp- 
4p::GFP was strongly upregulated in mdt-15(RNAi) and mdt-15(tm2182) nema-
todes (Fig.  9.31) [56]. Additionally, activation of UPRER PERK arm attenuated 
protein translation by phosphorylating and inhibiting translation initiation factor 
eIF2α, and RNAi knockdown of mdt-15 increased the levels of phosphorylated 
eIF2α (Fig. 9.31) [56]. That is, loss-of-function mutation of mdt-15 may perturb the 
ER homeostasis and activate at least two branches of canonical ER UPR in 
nematodes.

Meanwhile, it was observed that uptake and incorporation of the supplemented 
FAs were effective in both control(RNAi) and mdt-15(RNAi) nematodes (Fig. 9.31) 
[56]. Additionally, the small reduction observed in the PC level of mdt-15(RNAi) 
nematodes could also be suppressed by FA supplementation (Fig. 9.31) [56], imply-
ing that the disrupted ER homeostasis in mdt-15 mutant nematodes may be the 
consequence of reduced membrane PL polyunsaturation.

In nematodes, MDT-15 is not part of the ER UPR and not required for the mito-
chondrial protein homeostasis. In contrast, mdt-15 mutation or depletion of the lipid 
metabolism enzymes stearoyl-CoA-desaturases (SCD) and S-adenosyl methionine 
synthetase (sams-1) could activate the ER UPR without promoting the misfolded 
protein aggregates [56]. These observations suggest that the constitutively activated 
ER UPR in mdt-15, SCD, and sams-1 mutant nematodes may be not the conse-
quence of proteotoxic stress, but likely is the direct result of changes in ER mem-
brane fluidity and composition in nematodes. It was further observed that the defects 
in membrane PL composition or synthesis could activate the ER UPR without com-
promising ER protein folding [56].
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Fig. 9.30 Dependence of oxidative stress responses on UPR components [55]. (a and b) 
Importance of core UPR genes for SKN-1-mediated oxidative stress responses. Induction of skn-1 
and skn-1 target gene transcription by AS (a) or t-BOOH (b) was impaired by RNAi against core 
UPR genes or in core UPR factor mutants (indicated by M). qRT-PCR was performed after 
treatment with 5 mM AS for 1 h or 12 mM t-BOOH for 1 h. (c) Accumulation of xbp-1 mRNA in 
response to AS-induced oxidative stress. Note the predominant increase in the unspliced form. (d) 
Dependence of AS-induced p38 phosphorylation on ire-1. Phosphorylated (active) p38 was 
assayed by phospho-specific antibody, and ire-1 expression was knocked down by RNAi. 
*background signal. (e) UPR factors are required for oxidative stress defense. Survival of AS 
treatment (5 mM) was scored in RNAi Control, hsp-4(RNAi)/ire-1(zc14), and ire-1(RNAi)/xbp- 
1(SJ17) animals (M indicates mutant). Error bars represent SEM, and * p#0.05, ** p#0.01, *** 
p#0.001, relative to pL4440 Control calculated using Student’s t-test. (f) Functional integration of 
the ER and oxidative stress responses through SKN-1 and canonical UPR components. SKN-1 is 
essential for the UPR because it directly controls transcription of most UPR signaling and 
transcription factors. These UPR factors in turn regulate SKN-1 expression and function in concert 
with SKN-1 at downstream targets. This is shown arbitrarily as SKN-1 (S) binding to target 
promoters together with XBP-1 (X) and ATF- 6 (a). SKN-1 and mammalian Nrf proteins are 
present in the ER, suggesting a possible signaling role. UPR factors are required not only for 
SKN-1 to function in the context of the UPR, but also for SKN-1 to mobilize distinct oxidative 
stress responses.
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Fig. 9.31 mdt-15 inactivation alters membrane lipid composition and induces the UPRER [56]. (a) 
Bar graphs represent the average fold change of xbp-1, spliced xpb-1 (xbp-1s), and hsp-4 mRNA 
levels in control(RNAi) and mdt-15(RNAi) worms (P = 0.098, 0.049, and 0.00049, respectively) 
(left), WT and mdt-15(tm2182) worms (P = 0.19, 0.063, and 0.0064, respectively) (center), or 
control(RNAi) worms treated with DMSO, 5 μg/mL tunicamycin (Tm 5; P = 0.16, 0.13, 0.04, 
respectively), or 10 μg/mL tunicamycin (Tm 10; P = 0.31, 0.18, 0.03, respectively) (right). n = 3 
for all experiments; error bars represent SEM; *P  <  0.05 (two-tailed Student’s t-test). (b) 
Micrographs depict control(RNAi) and mdt-15(RNAi) worms or WT and mdt-15(tm2182) worms 
expressing the hsp-4p::GFP transcriptional reporter; one of four independent experiments is 
shown. (c) Immunoblots depict the levels of phospho-Ser51 eIF2α (P-eIF2α) and actin protein 
levels in control(RNAi), mdt-15(RNAi), WT, and mdt-15(tm2182) worms. The numbers represent 
the intensity of the P-eIF2α bands relative to corresponding actin bands. One of four independent 
experiments is shown. (d) Micrographs show control(RNAi) and mdt-15(RNAi) worms or WT and 
mdt-15(tm2182) worms expressing the hsp-4p::GFP transcriptional reporter grown without 
dietary supplements (no supplement), with 300 μM C18:1n-9 (oleate), with 150 μM C18:2 and 
150 μM C20:5 (PUFAs), or with 150 μM C18:1n-9 and 300 μM PUFAs (O+PUFAs). (e) Bars 
represent the relative abundance of individual FAs in PC. (f) Bars represent the average levels of 
individual lipid species relative to total PLs. For E and F, lipids were extracted from L4-stage 
control(RNAi) or mdt-15(RNAi) worms raised in the absence or presence of dietary unsaturated 
FAs (UFAs; C18:1n-9, C18:2, and C20:5). n = 3; error bars represent SEM; *P < 0.05 as determined 
by two-tailed Student’s t-test
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9.6  Autophagy

The related information for autophagy in C. elegans has been well-summarized in 
the reviews (Figs. 9.32 and 9.33) [57, 58].

9.6.1  Induction of Autophagy in Nematodes Exposed 
to Environmental Toxicants or Stresses

Using GFP::LGG-1 as a marker for autophagy induction, it was observed that infec-
tion with the P. aeruginosa PA14 could markedly increase the GFP::LGG-1 puncta 
in both seam cells and intestine (Fig. 9.34) [59]. The ratio of phosphatidylethanol-
amine (PE)-conjugated LGG-1 (PE-LGG-1::GFP) to LGG-1 by using Western blot-
ting further confirmed this autophagy induction (Fig. 9.34) [59]. Meanwhile, the 
autophagy was also detected in nematodes on a lawn of PA14 mixed with the rela-
tively nonpathogenic food source Escherichia coli OP50 [59], suggesting the non-
involvement of nutrient deprivation. The autophagy genes induced by pathogen 
infection were further summarized in Fig.  9.35 [58]. Besides the environmental 
pathogen infection, environmental metabolite extracted from Streptomyces venezu-
elae also induced the increase in mCherry::LGG-1, and this autophagy induction 
was dependent of PINK-1, a PARK9 homolog [60]. Therefore, environmental expo-
sure to toxicants or stresses may potentially induce the autophagy induction in 
nematodes.

9.6.2  Molecular Control of Autophagy in Nematodes Exposed 
to Environmental Toxicants or Stresses

9.6.2.1  BEC-1

bec-1 encodes an ortholog of yeast and mammalian autophagy protein ATG6/
VPS30/beclin1. Nematodes subjected to bec-1 RNAi were susceptible to P. aerugi-
nosa PA14 infection (Fig. 9.34) [59], suggesting its involvement in the control of 
host defense against pathogen infection. Nevertheless, it was found that bec-1 RNAi 
had no impact on colony-forming units (CFU) of P. aeruginosa PA14 in the body of 
nematodes, and the accumulation of P. aeruginosa expressing GFP in the body sub-
jected to bec-1 RNAi was also comparable to that observed in control nematodes 
(Fig. 9.34) [59], which implies that the protective role of BEC-1-mediated autoph-
agy induction in C. elegans survival is unlikely the result of direct elimination of P. 
aeruginosa.
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Fig. 9.32 Schematic diagram of the presumed role for C. elegans autophagy proteins involved in 
the formation of an autophagosome [57]. (a) Regulation of induction: In yeast, the Tor kinase and 
its effectors regulate the induction of autophagy. UNC-51 is the C. elegans Atg1 ortholog. (b) 
Vesicle nucleation requires a lipid kinase complex, which includes the class III phosphatidylinositol 
3-kinase (PI3K), Vps34 (in C. elegans LET-512). In yeast, Vps34 activation depends on its binding 
partners, Atg6, Atg14, and Vps15. In C. elegans, the ATG6 ortholog is bec-1. The interaction 
between the antiapoptotic protein CED-9 and BEC-1 is conserved in C. elegans. A similar 
interaction between the mammalian proteins Bcl-2 and Beclin 1 inhibits autophagy. (c) Two novel 
ubiquitin-like conjugation pathways the Atg12 conjugation system (Atg5, Atg12, and Atg16) and 
the Atg8 lipidation system (Atg8, Atg3, and Atg7) mediate vesicle expansion and vesicle 
completion. Orthologs to all the members of these two complexes have been found in C. elegans, 
where they are named ATG-3, ATG-4, ATG-5, ATG-7, ATG-16, LGG-1/Atg8, and LGG-3/Atg12. 
In yeast, Atg8 undergoes two posttranslational processing events resulting in conjugation to 
phosphatidylethanolamine (PE) and recruitment to the PAS membrane. ATG-7 is an E1 ubiquitin 
activating enzyme required for the activation of LGG-1. LGG-3-ATG-5 oligomerize with ATG-16 
to allow for the formation of the multimeric complex. ATG-3 and ATG-10 are E2-like ubiquitin 
conjugating enzymes and ATG-4 is a cysteine protease. As for its yeast ortholog, LGG-1 appears 
to remain in the completed autophagosome and thus is an excellent marker for early and late 
autophagosomal structures. (d) The retrieval of the integral membrane protein ATG-9 from the 
phagophore assembly site (PAS) involves ATG-2 and ATG-18, two interacting peripheral proteins
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Moreover, it was found that the induced hypoxia hypersensitive phenotype by 
bec-1(RNAi) could be blocked by loss-of-function mutations in either the apopto-
sis (CED-3, a canonical caspase) or necrosis (CTR-1, a calreticulin) pathway 
[61], suggesting that BEC-1 may act upstream of both CED-3 and CTR-1 to regu-
late the autophagy induction in nematodes exposed to environmental toxicants or 
stresses.

9.6.2.2  LGG-1, LGG-2, and UNC-51

It was observed that, besides mutation or RNAi knockdown of bec-1, RNAi knock-
down of lgg-1 or lgg-2 encoding LC3/Atg8 or mutation of unc-51 encoding Atg1 
could decrease the C. elegans survival after a severe hypoxic stress (Fig. 9.36) [61]. 
Therefore, the autophagy genes of bec-1, lgg-1, lgg-2, and unc-51 can promote the 
C. elegans survival after exposure to environmental toxicants or stresses.

Fig. 9.33 Pathogen responses linked to autophagy in Caenorhabditis elegans [58]. Autophagy 
plays crucial roles in the defense against both intracellular and extracellular pathogens in the 
nematode C. elegans. The microsporidian pathogen Nematocida parisii is targeted for ubiquitination 
and recruitment of Atg8/LGG-1, which likely results in xenophagy. Replication of Salmonella 
enterica is restricted by localization to lysosomes. Staphylococcus aureus and the Bacillus 
thuringiensis pore-forming toxin Cry5B both induce transcription of autophagy-related genes via 
TFEB/HLH-30. Pseudomonas aeruginosa-induced necrosis of C. elegans is reduced by activation 
of autophagy through the MAPK/ERK signaling pathway. Autophagy (mitophagy) also clears 
mitochondria damaged by the P. aeruginosa virulence factor pyoverdine, thereby reducing 
mortality
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9.6.2.3  HLH-30/TFEB

HLH-30/TFEB is the sole C. elegans MiT transcription factor. In nematodes, HLH- 
30 could be activated shortly after Staphylococcus aureus infection [62]. HLH-30 is 
expressed in the intestine, rectal epithelial cells, vulval epithelial cells, spermatheca, 
and pharynx [62]. Under the normal conditions, the HLH-30::GFP signals were 
equally distributed between nucleus and cytoplasm [62]. After pathogen infection, 
the HLH-30::GFP signals were dramatically concentrated in the nucleus after just 
30 min of infection [62].

Fig. 9.34 Autophagy mediates host defense against P. aeruginosa in C. elegans [59]. (a) 
Representative images of autophagosomes (GFP::LGG-1 puncta) in the seam cells and intestinal 
cells of worms exposed to P. aeruginosa PA14 for 12 h. The numbers of GFP::LGG-1 puncta in the 
seam cells and intestinal cells were counted (right). These results are mean  ±  SD of three 
independent experiments performed in triplicate. **P < 0.01 versus OP50+empty vector (EV). The 
arrow denotes a representative autophagosome. (Scale bars: seam cells, 10 μm; intestinal cells, 
20 μm.) (b) The levels of PE-conjugated LGG-1–GFP and LGG-1–GFP were measured by Western 
blotting. The blot shown here is typical of three independent experiments. P < 0.05, PA14 versus 
OP50; P  <  0.01, PA14+bec-1 RNAi versus PA14+EV. (c) bec-1 RNAi significantly reduced 
survival of worms exposed to PA14. P < 0.01 versus EV. (d) Numbers of colony-forming units of 
PA14 were measured in worms subjected to bec-1 RNAi. These results are mean ± SD of three 
independent experiments performed in triplicate. *P < 0.05 versus WT+EV. (e) Fluorescence of 
worms exposed to P. aeruginosa PA14 expressing GFP for 24 h. The image is representative of 
three independent experiments. Right shows quantification of GFP levels. *P  <  0.05 versus 
WT+EV. (Scale bars: 50 μm)
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In nematodes, HLH-30 drove the expression of antimicrobial genes, such as lys- 
5 and ilys-2 [62]. Additionally, the hlh-30-dependent induction of kgb-1 (human 
JNK homolog), nsy-1 (homologous to human ASK1), mdl-1 (MAD-like bHLH 
transcription factor), ins-11 (insulin), sgk-1 (SGK), and dct-1 (target of DAF-16/
FOXO) was also observed in nematodes after pathogen infection [62]. Meanwhile, 
it was further found that the induction of autophagy genes lgg-1 and lgg-2, unc-51, 
and atg-2, atg-13, and atg-16.2 (homologous to human ATG2, ATG13, and 
ATG16L1, respectively) was also hlh-30-dependent in nematodes after pathogen 
infection (Fig. 9.37) [62], suggesting that the pathogen infection can result in the 
induction of autophagy genes in order to enhance the defense against infection in 
nematodes.

Moreover, the infection-induced expression was abrogated by deletion of hlh-30, 
and the GFP::LGG-1 expression was markedly reduced in hlh-30 mutant nematodes 
(Fig. 9.37) [62]. In contrast, these genes were increased by overexpression of HLH- 
30::GFP (Fig. 9.37) [62], suggesting that HLH-30 is necessary for the cytoprotec-

Fig. 9.35 Autophagy-related genes linked to immunity in D. melanogaster and C. elegans [58]
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tive gene induction. Meanwhile, RNAi knockdown of autophagy genes (lgg-1, 
unc-51, or vps-34) did not affect the susceptibility of hlh-30 mutant nematodes to 
pathogen infection, nor their longevity (Fig. 9.37) [62]. Furthermore, it has been 
shown that HLH-30-mediated autophagy functioned in a cell-autonomous manner 
for epithelium intrinsic cellular defense against bacterial pore-forming toxin [63], 
which suggests a connection between HLH-30-mediated autophagy and epithelium 
intrinsic cellular defense against environmental toxicants or stresses. These results 
suggest the key role of transcriptional factor HLH-30  in regulating autophagy 
induction in nematodes exposed to environmental toxicants or stresses.

Fig. 9.36 Inhibition of autophagy increases hypoxic sensitivity [61]. (a) Hypoxic sensitivity of 
animals treated with RNAi against bec-1, lgg-1, and lgg-2 autophagy genes compared to empty 
vector control. Second-generation RNAi-treated adult animals were scored as alive or dead after a 
24 h recovery from a 12 h hypoxic incubation. Error bars are mean ± SEM of 5 trials. *p < 0.01 vs 
vector control, two-tailed t-test. (b) Hypoxic sensitivity of loss-of-function mutants of unc-51. % 
dead following recovery from a 12 h hypoxic incubation. The N2 control animals were scored 
contemporaneously with the unc-51 mutants. *p < 0.01 vs N2, two-tailed t-test. (c) Concentration/
response curve for the effect of 3-methyladenine (3MA) on hypoxic sensitivity. Adult animals 
were transferred into M9 buffer containing the indicated concentrations of 3-MA, then immediately 
placed into the hypoxia chamber for 12 h,, recovered on agar plates without 3MA for 24 h, and 
then scored as alive or dead. Error bars are mean ± SEM of 5 trials. (d) Effect of 3MA (10 mM) 
and wortmannin (100 μM) on death after normoxic or hypoxic incubation. Wortmannin experiments 
are otherwise identical to that described for 3MA. Bars are mean ± SEM of nine trials for 3MA and 
three trials for wortmannin. *p < 0.01 vs no drug, two-tailed t-test
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Fig. 9.37 HLH-30-regulated autophagy genes are required for defense [62]. (a and b) qRT-PCR 
of HLH-30-dependent autophagy and lysosomal genes, of animals exposed to S. aureus or control 
E. coli (8  h). (c) Unsupervised hierarchical clustering of HLH-30-dependent gene expression 
(qRT-PCR). (d–g) Confocal micrographs of anterior intestinal cells containing GFP::LGG-1 
puncta in animals fed nonpathogenic E. coli (d and e) or infected 8 h with S. aureus (f and g). Insets 
are Nomarski micrographs of the same field. Red puncta indicate autofluorescent gut granules. (e 
and g): higher magnification of areas indicated in (d and f), respectively. Bar  =  6  μm. (h) 
Quantification of GFP::LGG-1 puncta. Data are mean ± SEM, N = 13 animals each. **: p < 0.01 
(two-sample t-test). (i–n) Survival of wild-type and hlh-30 animals, empty vector or lgg-1 (i and 
l), unc-51 (J, M) and vps-34 RNAi-treated (k and n), and subsequently infected with S. aureus 
(i–k) or maintained on RNAi bacteria (l and m). Experiments are representative of at least two 
independent trials. **: p < 0.001; ***: p < 0.0001 (log-rank test). (o) S. aureus accumulation in 
RNAi-treated animals after 27  h of infection, expressed as C.F.U./animal. Representative 
experiment of two independent trials. Data are mean  ±  SEM (N  =  3 replicates). Differences 
between groups were not significant (two-sample t-test)
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9.6.2.4  Target of Rapamycin Complex 1 (TORC1)

In C. elegans, hpk-1 encodes a Hipk homolog. HPK-1 was required for the mainte-
nance of proteostasis and the protection against the formation of polyglutamine 
(Q35::YFP) protein aggregates and locomotory toxicity [64]. More importantly, 
HPK-1 regulated the induction of autophagy and was necessary for induction of 
autophagosome formation and autophagy gene expression in response to dietary 
restriction (DR) or inactivation of TORC1. The autophagy-stimulating transcription 
factors pha-4/FoxA and mxl-2/Mlx, but not hlh-30/TFEB and nuclear hormone 
receptor nhr-62, were necessary for the observed extended longevity induced by 
HPK-1 overexpression [64].

9.6.2.5  PKA/KIN-1

kin-1 encodes a protein kinase A (PKA). In nematodes, KIN-1 regulated the expres-
sion of a set of antimicrobial effectors in the non-neuron tissues, and the neuronal 
KIN-1 contributed to resistance against Salmonella enterica infection [65]. 
Moreover, during the S. enterica infection, KIN-1 regulated the expression of lyso-
somal genes [65]. These results suggest that KIN-1-mediated lysosomal signaling 
molecules are involved in the autophagy by controlling the autophagic flux, rather 
than the formation of autophagosomes in nematodes.

9.6.2.6  HSF-1

Hormetic heat shock induced the autophagy as indicated by the alterations in LGG- 
1::GFP and autophagy genes (phosphoinositide-binding protein atg-18, SQSTM1/
p62 ortholog sqst-1, and atg-16.2) [66]. These autophagy genes were required for 
heat shock-mediated survival, and overexpression of HSF-1 was sufficient to induce 
the autophagy [66]. In addition, the heat shock and HSF-1 improved the proteostasis 
via autophagy [66]. Moreover, it was found that RNAi silencing of autophagy genes 
could reduce the enhanced stress tolerance and longevity in nematodes overexpress-
ing HSF-1 (Fig. 9.38) [66], suggesting that the autophagy genes are essential for resis-
tance to thermal stress and lifespan extension in nematodes overexpressing HSF-1.

9.6.2.7  Tumor Suppressor FLCN

Tumor suppressor FLCN is an AMPK-binding partner. In nematodes, loss-of- 
function mutation of flcn-1 encoding FLCN conferred a resistance to oxidative 
stress, and this resistance to oxidative stress was dependent of aak-2 encoding 
AMPK, but not the classical ROS detoxification pathways (insulin signaling, sod 
genes, and ctl genes) [67], suggesting that FLCN-1 is a negative regulator of AAK-
2. Moreover, the increased autophagy upon loss-of-function mutation of flcn- 1 
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Fig. 9.38 Autophagy genes are required for heat shock- and HSF-1-mediated survival [66]. (a) 
Survival of wild-type (WT) animals subjected to hormetic heat shock on day 1 of adulthood and 
then incubated for 8 h at heat stress on day 4 of adulthood. Animals were fed from day 1 of adult-
hood with control bacteria (empty vector, CTRL) or bacteria expressing dsRNA targeting the 
autophagy genes unc-51/ATG1, bec-1/ATG6, and lgg-1/ATG8 (N = 65–90 animals, n = 4 plates). 
(b–d) Lifespan analysis of animals subjected to hormetic heat shock with RNAi-mediated autoph-
agy gene reduction from day 1 of adulthood. WT-CTRL animals (19.2 days, N = 104) compared 
with WT-HS animals (23.7 days, N = 94): P < 0.0001, (b) unc-51/ATG1 RNAi-CTRL (18.5 days, 
N = 110) compared with unc-51/ATG1 RNAi-HS (17.5 days, N = 107): P = 0.04, (c) bec-1/ATG6 
RNAi-CTRL (19.2 days, N = 116) compared with bec-1/ATG6 RNAi-HS (18.4 days, N = 112): 
P = 0.3, (d) lgg-1/ATG8 RNAi-CTRL (18.1 days, N = 108) compared with lgg-1/ATG8 RNAi-HS 
(17.9 days, N = 79): P = 0.7. (e) Survival of WT or HSF-1-overexpressing (HSF-1 OE) animals 
incubated for 8 h at heat stress on day 3 of adulthood. Animals were fed from day 1 of adulthood 
with control bacteria (empty vector, CTRL) or bacteria expressing dsRNA targeting the indicated 
autophagy genes Error bars indicate SEM ns: P  >  0.05, *P  <  0.05 and ***P  <  0.001 by  
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conferred a resistance to oxidative stress, and RNAi knockdown of essential 
authophagy genes (atg-7 and bec-1) abolished the resistance of flcn-1(ok975) 
mutant nematodes to PQ toxicity (Fig. 9.39) [67]. Therefore, loss of FLCN may 
result in a constitutive activation of AMPK, which further induces the autophagy 
and inhibits the toxicity of environmental toxicants or stresses in nematodes.

9.6.2.8  Insulin Signaling

daf-2 encodes an insulin receptor, and daf-16 encodes a FOXO transcriptional fac-
tor in the insulin signaling pathway. RNAi knockdown of autophagy genes (bec-1 
or lgg-1) could abrogate the pathogen resistance conferred by a loss-of-function 
mutation of daf-2 (Fig.  9.40) [68]. In addition, RNAi knockdown of autophagy 
genes (bec-1 or lgg-1) could also abrogate the pathogen resistance conferred by 
overexpression of the DAF-16 [68]. Therefore, the insulin signaling may regulate 
the toxicity of environmental toxicants or stresses by influencing the autophagy 
induction in nematodes.

9.6.2.9  ERK Signaling

It was found that the active role of autophagy in innate immune responses to P. 
aeruginosa PA14 in C. elegans could be suppressed by RNAi knockdown of mpk-1, 
but not pmk-1, dkf-2, egl-30, daf-16, and fshr-1, as indicated by the reduction in the 
number of GFP::LGG-1 puncta in seam cells and intestine in mpk-1(n2521) mutant 
nematodes after P. aeruginosa PA14 infection (Fig. 9.41) [58]. This suggests the 
important role of ERK signaling in the regulation of autophagy induction in 
nematodes exposed to environmental toxicants or stresses. Among the other core 
components of ERK signaling (small G protein LET-60 RAS, MAPK kinase kinase 
LIN-45 RAF, MAPK kinase MEK-2, and MPK-1), mutations in let-60(n1700), lin- 
45(sy96), or mek-2(n1989) also caused a decrease in the number of GFP::LGG-1 
puncta in seam cells and intestine (Fig. 9.41) [58]. Meanwhile, the mutations in 
let-60(n1700), lin-45(sy96), mek-2(n1989), or mpk-1(n2521) enhanced the 
susceptibility of nematodes to P. aeruginosa PA14 infection, and a gain-of-function 
mutation let-60(n1046) resulted in the enhanced resistance to the killing by PA14 

Fig. 9.38 (continued) one-way ANOVA. (f–h) Lifespan analysis of WT and HSF-1 OE animals 
subjected to RNAi- mediated autophagy gene reduction from day 1 of adulthood. WT animals 
(18.1 days, N = 113) compared with HSF-1 OE animals (23.0 days, N = 121): P < 0.0001, (f) WT: 
CTRL compared with unc-51/ATG1 RNAi (18.3 days, N = 128): P = 0.9, HSF-1 OE: CTRL com-
pared with unc-51/ATG1 RNAi (15.4 days, N = 133): P < 0.0001, (g) WT: CTRL compared with 
bec-1/ATG6 RNAi (16.7 days, N = 123): P = 0.02, HSF-1 OE: CTRL compared with bec-1/ATG6 
RNAi (16.3  days, N  =  140): P  <  0.0001, (h) WT: CTRL compared with lgg-1/ATG8 RNAi 
(16.7 days, N = 109): P = 0.02, HSF-1 OE: CTRL compared with lgg-1/ATG8 RNAi (14.9 days, 
N = 147): P < 0.0001, by log-rank test
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Fig. 9.39 Loss of flcn-1 activates autophagy resulting in oxidative stress resistance in C. elegans 
[67]. (a and b) Representative electron micrographs from longitudinal sections of the hypodermis 
in indicated nematodes strains. Arrows represent autophagic vacuoles (a) and autophagosomal 
membranes (b). Scale bars: 0.2 mm (a and b). (c) Quantification of the autophagic events observed 
in defined surface area of 4.25 μm2 of electron micrographs taken from at least five animals. Red 
lines represent the mean of autophagosome numbers per area indicated strains and treatment 
condition. (d) Number of GFP::LGG-1 positive autophagosome puncta in the seam cells of the 
indicated worm strains. (e) Western blot analysis of the GFP::LGG-1 cleavage profile (LGG-1-II, 
GFP) in worm protein extracts. (f–i) Percent survival of indicated strains upon 4 mM (f and h) or 
100 mM (g and i) PQ. Data represent the means ± SEM, n ≥ 3
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Fig. 9.40 Atg genes mediate insulin signaling-regulated resistance against Salmonella in C. ele-
gans [68]. (a) Representative images of autophagosomes (GFP::LGG-1 dots) in seam cells of N2 
wild-type and daf-2-mutant animals treated either with RNAi control vector or bec-1 RNAi. The 
arrow denotes a representative autophagosome. (Scale bars, 2 μM.) (b) Quantification of autopha-
gosomes per seam cell (mean ± SEM) for each genotype. n = number of seam cells per group in 
20 animals. Similar results were obtained in two independent experiments. (c and d) Survival 
curves of daf-2(e1370)-mutant animals treated with either control or indicated atg gene- RNAi 
feeding plasmids following a 2-day exposure to S. typhimurium or normal food at 20  °C. (e) 
Representative EMs of Salmonella-infected control and bec-1-RNAi daf-2(e1370) animals 2 days 
after a 2-day Salmonella ingestion period. The asterisk denotes a representative autolysosome 
containing partially degraded bacteria. The arrow denotes representative SCV

9.6 Autophagy



286

(Fig. 9.41) [58]. KSR proteins and LIP-1 are regulators of ERK signaling pathway. 
The ksr-1(ku68), but not ksr-2(dx27), mutant nematodes exhibited an enhanced sus-
ceptibility to P. aeruginosa-mediated killing, and the lip-1(zh15) mutants exhibited 
an enhanced resistance to P. aeruginosa PA14 infection [58]. Meanwhile, the num-
bers of GFP::LGG-1 puncta in seam cells and intestine could be reduced in ksr-
1(ku68) mutants and increased in lip-1(zh15) mutants [58]. In nematodes, P. 
aeruginosa infection could activate the ERK signaling [58]. Therefore, ERK signal-
ing can act as an upregulator for the molecular signaling of autophagy in nematodes 
exposed to environmental toxicants or stresses. Moreover, it was found that the 
CDC-48.2 functioned downstream of the ERK signaling to promote the autophagy 
induction in nematodes infected with pathogen [58].

Fig. 9.41 The ERK pathway is required for autophagy during P. aeruginosa infection [58]. (a and 
b) The numbers of GFP::LGG-1 puncta were counted in the seam cells (a) and intestinal cells (b) 
of worms exposed to P. aeruginosa PA14. (c and d) Mutations in the components of the ERK 
pathway suppressed autophagy in the seam cells (c) and intestinal cells (d) of worms exposed to 
PA14. These results are mean  ±  SD of three independent experiments performed in triplicate. 
**P < 0.01 versus control (EV or WT). (e) Mutations in the components of the ERK pathway 
reduced survival of worms exposed to PA14. P < 0.01 versus WT
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9.6.2.10  Mitophagy

Mitophagy shares the biological events with generalized autophagy, including 
development of an isolation membrane and maturation of autophagosome. Using 
BEC-1/Beclin1 and LGG-1/LC3 to monitor the related intracellular events, treat-
ment with phenanthroline or P. aeruginosa triggered coalescence of the constitu-
tively expressed BEC-1/BECN1::RFP and mCherry::LGG-1/LC3 from a diffuse, 
cytoplasmic pattern into discrete punctae representing the autophagosomes 
(Fig. 9.42) [69]. This mitophagy induction required at least two specific regulators 
(PINK-1/PINK1 and PDR-1/Parkin) to target the mitochondria for recycling, and 
phenanthroline or P. aeruginosa inhibited the mitochondrial import and degradation 
of PINK-1/PINK1::GFP (Fig. 9.42) [69].

Fig. 9.42 Mitophagy confers resistance to P. aeruginosa [69]. (a–c) Fluorescence microscopy of 
(a) BEC-1/BECN::RFP, (b) mCherry::LGG-1/LC3, or (c) myo-2::mCherry;PINK-1/PINK1::GFP 
worms treated with DMSO, Phe (1 mM), P. aeruginosa, or hygromycin (80 μg/mL). (d and e) 
Pyoverdine-mediated killing by P. aeruginosa and (f and g) Phe toxicity are enhanced by RNAi 
knockdown (d and f) or mutation (e and g) of autophagy pathway genes bec-1/BECN1, lgg-1/LC3, 
and mboa-7/MBOAT7 or the mitophagic regulators pink-1/PINK1 and pdr-1/PARK2. Survival 
was normalized to empty plasmid (d and f) or wild-type (e and g) controls. Three biological 
replicates were used for each experiment; n = 850 (d and e), n = 360 (f and g) per replicate. Error 
bars represent SEM. *P < 0.01, #P < 0.05 (Student’s t-test). (Scale bars: a, B, 50 μm; c, 200 μm)

9.6 Autophagy



288

In nematodes, disruption of the autophagy genes (bec-1/BECN1, lgg-1/LC3, 
mboa-7/MBOAT7) or mitophagic regulators (pink-1/PINK1 and pdr-1/PARK2) 
increased the lethality of nematodes treated with P. aeruginosa or phenanthroline 
(Fig. 9.42) [69], suggesting the important role of mitophagy in promoting survival 
in the face of P. aeruginosa exposure or phenanthroline treatment. Therefore, the 
mitophagy is involved in the regulation of toxicity of environmental toxicants or 
stresses in nematodes.

9.7  Perspectives

Besides the protective responses introduced in some previous chapters, we here 
only focused on five possible protective response-related signaling pathways to 
introduce their involvement in the control of toxicity of environmental toxicants or 
stresses in nematodes. Undoubtedly, more protective response-related signaling 
pathways will be identified to be involved in the control of toxicity of environmental 
toxicants or stresses or to replace the importance of already identified protective 
response-related signaling pathway(s). In addition, some new protective responses 
may be further formed during the evolution.

During the identification of protective response-related signaling pathways, such 
as mitochondrial UPR and ER UPR, an important question needed to be further 
clarified is the specificity of raised signaling pathways for certain protective 
response. Actually, the chemicals (such as paraquat) used to activate certain 
protective response normally also have the function to induce the other forms of 
responses in nematodes. Therefore, at least some raised signaling pathways for 
certain protective response might be not the directly associated.

At least surrounding the protective responses introduced in this chapter, an 
assumption can be further raised. That is, some commonly shared molecular signals 
may exist for these protective responses for nematodes against the environmental 
toxicants or stresses. The detailed crosstalk events in subcellular compartments or 
certain tissues, as well as their possible communication between different cells or 
tissues, still need to be further elucidated.

In this chapter, we mainly introduced and discussed the beneficial roles of these 
five responses and the underlying molecular mechanisms. Besides these, it is also 
necessary to pay attention to the potential effects of excessive induction or activation 
of these responses on nematodes. At least the excessive induction or activation of 
autophagy may be toxic for organisms. In nematodes, the related information sel-
dom receives the attention so far.

In nematodes, many environmental toxicants or stresses have been shown to 
potentially cause the toxic effects on different aspects of animals [70–76]. Now, the 
protective responses to only very limited toxicants or stresses have been examined. 
The systematic examination of these protective response-related signaling pathways 
in nematodes exposed to different typical toxicants or stresses are suggested to be 
performed under different conditions.
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Chapter 10
Functions of G-Protein-Coupled Receptors 
and Ion Channels and the Downstream 
Cytoplasmic Signals in the Regulation 
of Toxicity of Environmental Toxicants 
or Stresses

Abstract It is an assumption that environmental toxicants or stresses will first acti-
vate or suppress certain G-protein-coupled receptors (GPCRs) and/or ion channels 
on the surface of targeted cells and then activate a subset of downstream cytoplas-
mic signaling cascades. Based on this assumption, we here first introduced and 
discussed the involvement of GPCRs (epidermal DCAR-1, intestinal FSHR-1, neu-
ropeptide receptors, and neuronal SRH-220) and ion channels (cyclic nucleotide- 
gated ion channel, voltage-gated calcium ion channel, potassium ion channel, and 
chloride intracellular channel) in the regulation of toxicity of environmental toxi-
cants or stresses and the underlying mechanisms. Moreover, we discussed the 
potential activation of cytoplasmic signaling cascade, containing ARR-1/arrestin, 
G-proteins, PLC-DAG-PKD signaling, and Ca2+ signaling, upon the exposure to 
environmental toxicants or stresses and the corresponding important functions.

Keywords G-protein-coupled receptors (GPCRs) · Ion channel · Cytoplasmic 
signaling cascade · Environmental exposure · Caenorhabditis elegans

10.1  Introduction

In nematodes, various environmental toxicants/stresses can induce the alterations in 
different aspects on animals [1–17]. Upon the exposure to environmental toxicants/
stresses, it is assumed that certain G-protein-coupled receptors (GPCRs) or ion 
channels would be activated or suppressed. After that, a certain downstream cyto-
plasmic signaling cascade will be affected, and the functions of certain transcrip-
tional factors and their targets will be further altered. If this assumption is correct 
and the toxic effects of toxicants or stresses can reach the targeted organs (espe-
cially the primary targeted organs), both the GPCRs and the ion channels play cru-
cial roles in the induction of toxicity in nematodes exposed to environmental 
toxicants or stresses.

In this chapter, we first introduced the identified GPCRs involved in the regula-
tion of toxicity of environmental toxicants or stresses and the underlying mecha-
nisms for their important functions. Again, we introduced and discussed the 
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involvement of several types of ion channels in the regulation of toxicity of environ-
mental toxicants or stresses. Moreover, we focused on ARR-1/arrestin, G-proteins, 
PLC-DAG-PKD signaling, and Ca2+ signaling to discuss the important functions of 
cytoplasmic signaling cascade in transducing environmental stimuli and mediating 
the toxicity induction in nematodes exposed to environmental toxicants or stresses.

10.2  GPCRs

In Chaps. 5, 6, and 9, we have discussed the functions of some important GPCRs, 
such as insulin receptors, Wnt receptors, and neurotransmitter receptors, in regulat-
ing the toxicity of environmental toxicants or stresses and the underlying mecha-
nisms. We here further introduced and discussed the involvement of other GPCRs in 
the regulation of toxicity of environmental toxicants and stresses and the underlying 
mechanisms.

10.2.1  Epidermal DCAR-1

Infection with environmental pathogens (bacterial pathogens and fungal pathogens) 
will cause toxicity at various aspects on both human beings and animals, including 
the nematodes [18–24]. With the fungus Drechmeria coniospora as an example, 
RNAi knockdown was performed on 1150 GPCR-encoding genes to identify the 
GPCRs required for the control of innate immunity against the fungal infection [25, 
26]. Based on the expression of an antimicrobial peptide (AMP) reporter gene (nlp- 
29p::gfp), three clones, targeting dcar-1 (dcar-1(RNAi)), frpr-11 (frpr-11(RNAi)), 
and srv-21 (srv-21(RNAi)), were found to be able to decrease the expression of the 
reporter gene (Fig. 10.1) [26]. The sta-1 (sta-1(RNAi)) was used as a control, since 
it does not affect expression of the gene-encoding GFP. Meanwhile, it was observed 
that, unlike frpr-11(RNAi) or srv-21(RNAi), dcar-1(RNAi) did not affect the expres-
sion of nlp-29p::gfp in nematodes expressing a constitutively active form of the Gα 
protein GPA-12 (Fig. 10.1) [26], suggesting that the DCAR-1 may act upstream or 
in parallel to GPA-12. dcar-1(RNAi) also could not abrogate the nlp-29 induction by 
osmotic stress (Fig. 10.1) [26].

In nematodes, DCAR-1 acted in the epidermis to regulate the expression of 
AMP-encoding genes and the defense against fungal infection [26]. Meanwhile, it 
was found that mutation of dcar-1 had a profound effect on the induction of six nlp 
genes in nematodes infected with D. coniospora (Fig. 10.1) [26]. Among them, the 
activation of DCAR-1 was due to the endogenous ligands of NLP-28 and NLP-29, 
and loss-of-function mutation of dcar-1 (in a dpy-10;dcar-1 mutant) reduced the 
elevated expression of nlp-29 [26].

In the epidermis, the dihydrocaffeic acid (DHCA) was identified as an exoge-
nous ligand that activates the innate immune response via DCAR-1. The addition of 
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Fig. 10.1 The GPCR DCAR-1 controls the expression of AMP-encoding genes [26]. (a) Pathways 
that lead to the expression of nlp-29. (b) Expression of nlp-29p::gfp by worms carrying the inte-
grated array frIs7 (which contains the reporter transgenes nlp-29::gfp and col-12::DsRed) and 
treated by RNAi directed against control or candidate genes (horizontal axis) and infected with D. 
coniospora (Inf) or expressing the constitutively active GPA-12* in the epidermis (GPA-12*) or 
exposed to a high salt medium (high salt); results are normalized GFP fluorescence presented rela-
tive to results obtained with the negative control sta-1(RNAi), set as 100%. (c) Fluorescent images 
of wild-type (WT) and dcar-1(tm2484) worms carrying frIs7 and assessed without further treat-
ment (control (Ctrl)) or after infection by D. coniospora (Inf) or expressing GPA-12* in the epider-
mis (GPA-12*) or assessed after wounding (wound). Constitutive expression of DsRed in the 
epidermis is unaffected by these treatments. Original magnification, ×600 (images obtained with a 
filter set to visualize green and red fluorescence). (d) Quantitative RT-PCR analysis of the expres-
sion of genes in the nlp-29 cluster (horizontal axis) in wild-type, dcar-1(tm2484), and dcar-1(nj66) 
worms after infection with D. coniospora; results are presented relative to those of uninfected 
worms. (e) Abundance of mRNA of genes in the nlp-29 cluster in the wild-type, dcar-1(tm2484), 
and dcar-1(nj66) strains, presented as the change in cycling threshold (ΔCt) calculated as the 
cycling threshold for each nlp gene minus that for the gene-encoding actin (act-1). Data are from 
experiments with at least six biological replicates (b; with at least 50 worms per condition; mean 
and s.d.) or are representative of over ten experiments (c) or are from three independent experi-
ments (d, e; average and s.d.)
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DHCA to wild-type nematodes could trigger the expression of the nlp-29p::gfp 
reporter gene in a dose-dependent manner (Fig.  10.2) [26]. This increase was 
blocked in dcar-1 mutant nematodes or in nematodes in which various elements of 
regulatory network controlling the nlp-29 expression were mutant (gap-12, tpa-1, 
tir-1, or pmk-1) (Fig. 10.2) [26]. In addition, treatment with DHCA also triggered an 
increase in the nlp-29 expression, and this increase was dependent on dcar-1 and 
pmk-1 (Fig. 10.2) [26]. More importantly, the expression of dcar-1 in the epidermis, 
not in the neurons, was sufficient to restore the induction of nlp genes by DHCA 
(Fig. 10.2) [26].

Four molecules (DHPA (3-(2 4-dihydroxyphenyl)propionic acid), DHCA, 
DPPA, and HPLA) that are structurally related to DHCA were identified as in vivo 
ligands for DCAR-1 and could trigger the nlp-29p::gfp expression in a dose- 
dependent manner (Fig. 10.3) [26]. Nevertheless, DHCA beyond the concentration 
of 80 mM was toxic, and DPPA, DHPA, and HPLA were toxic at concentrations 
above 10 mM [26]. Moreover, based on the analysis of high-performance liquid 
chromatography, the HPLA was present at a low level in control nematodes and 
could be increased ~3.5-fold by fungal infection (Fig. 10.3) [26].

Additionally, since the HPLA amount was elevated in extracts of pellets of dpy- 
10 mutant nematodes, HPLA could be generated as a consequence of alterations in 
cuticle development [26]. The nlp-29p::gfp expression increase induced by HPLA 
was also dependent on DCAR-1 and various elements of downstream signal trans-
duction cascade (gpa-12, tpa-1, tir-1, and pmk-1) (Fig. 10.3) [26], suggesting that 

Fig. 10.2 DHCA mimics the effect of infection on the expression of AMP-encoding genes [26]. 
(a, b) Fluorescence ratio of green (GFP) to red (DsRed) of wild-type and dcar-1(tm2484) worms 
(n ≥ 50 per condition) carrying frIs7 and treated with increasing concentrations of DHCA; results 
are normalized to those of wild-type worms. (b) Fluorescence ratio (as in a, b) of wild-type and 
various mutant strains (n > 50 per condition) carrying frIs7 and left untreated (UT) or treated with 
5 mM DHCA (key). (c) Quantitative RT-PCR analysis of the expression of genes in the nlp-29 
cluster in wild-type, dcar-1(tm2484), dcar-1;col-12p·dcar-1::gfp, and dcar-1;sra-6p·dcar- 
1::Venus mutant worms after exposure for 2 h to 5 mM DHCA; results are presented relative to 
those of uninfected control worms. Data representative of four experiments (a, b) or are from two 
experiments (c; average and s.d. of three biological replicates)
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HPLA can act through the DCAR-1 to regulate the epidermal innate immune 
response in nematodes.

10.2.2  Intestinal FSHR-1

Of the 14 candidate LRR receptors, GPCR FSHR-1 was identified as a putative 
innate immune receptor. After infection with Gram-negative or Gram-positive bac-
terial pathogens, the fshr-1(ok778) mutant nematodes exhibited more sensitive than 
wild-type nematodes to the killing (Fig. 10.4) [27]. Meanwhile, the fshr-1(ok778) 
mutant nematodes do not have a reduced lifespan on E. coli OP50, suggesting the 
susceptibility of fshr-1(ok778) mutant nematodes to pathogen infection is not due to 
the nonspecific sickness [27].

More importantly, FSHR-1 regulated transcription of a set of putative antimicro-
bial genes that can be induced by pathogen infection. Three of five PMK-1- 
dependent genes (F56D6.2, C17H12.8, and F49F1.6) induced by PA14 were 
decreased in fshr-1(ok778) mutant nematodes (Fig.  10.5) [27]. Besides this, the 
expression inductions of at least F01D5.5 and C32H11.12 upon PA14 exposure 

Fig. 10.3 Endogenous HPLA increases upon infection with D. coniospora and triggers the 
expression of nlp-29 AMP-encoding genes via a DCAR-1–PMK-1 signaling pathway [26]. (a) 
Abundance of HPLA in wild-type worms at various times (horizontal axis) after infection with D. 
coniospora, presented as integration of high-performance liquid chromatography–mass spectrom-
etry (MS) peaks, normalized to the worm pellet dry weight. (b) Fluorescence ratio of wild-type and 
mutant worms (horizontal axis) carrying frIs7, left untreated or treated with 5 mM HPLA (key). (c) 
Fluorescence ratio of wild-type worms (left) or wild-type that additionally carry an epidermally 
expressed construct col-19p::tatn-1 (right), left uninfected or infected with D. coniospora and 
treated by RNAi with control or dcar-1-targeting clones (horizontal axis). Data are representative 
of two experiments (a) or experiments with at least three (b) or two (c) biological replicates of at 
least 50 worms per condition
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were reduced in fshr-1(ok778) mutant nematodes (Fig. 10.5) [27], suggesting that 
their expression was independent of PMK-1 but dependent on the FSHR-1  in 
response to pathogen infection in nematodes.

Tissue-specific activity analysis demonstrated that FSHR-1 functioned in the 
intestine, the major site of pathogen exposure, to regulate the innate immunity [27]. 
During the control of innate immunity to pathogen infection, FSHR-1 acted in par-
allel to both the insulin (daf-2) and the p38 MAPK (tir-1, nsy-1, and pmk-1) path-
ways. It was found that daf-2(e1368ts); fshr-1(ok778) double mutants had an 
immunity phenotype that was intermediate between either of the single mutants 
(Fig.  10.6) [27]. Additionally, pmk-1(km25);fshr-1(ok778) double mutants were 
even more sensitive than either single mutants, and mutation of tir-1 or nsy-1 sig-
nificantly enhanced the fshr-1(ok778) null phenotype (Fig. 10.6) [27].

Fig. 10.4 FSHR-1 is required for innate immunity [27]. (a, b) fshr-1 (RNAi) or fshr-1(ok778) 
mutant worms are sensitive to killing by pathogenic P. aeruginosa PA14 relative to wild-type con-
trol worms. (c) fshr-1(ok778)/nDf31 heterozygotes are just as sensitive to PA14 as fshr-1(ok778) 
homozygotes. (d–f) fshr-1(ok778) mutants are sensitive to killing by pathogenic S. aureus and E. 
faecalis but not to E. coli OP50
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Fig. 10.5 FSHR-1 regulates PA14 response genes [27]. (a, b) qRT-PCR was used to analyze the 
relative transcription of PA14 response genes in wild-type and mutant worms fed OP50 or PA14. 
Error bars represent SEM for three independent biologic replicates. (a) Fold induction was calcu-
lated as the ratio of normalized expression on PA14 divided by expression on OP50. *Genes with 
greater than fivefold reduction in their induction in fshr-1(ok778) mutant worms relative to wild- 
type worms with P < 0.01. **Genes with greater than tenfold reduction in their induction in fshr- 
1(ok778) mutants relative to wild-type with P < 0.01. (b) Fold change in basal expression was 
calculated as the ratio of wild-type expression to mutant expression in worms fed OP50. *Genes 
with greater than fivefold lower basal expression in wild-type worms relative to fshr-1(ok778) 
mutants. **Genes with greater than tenfold lower basal expression in wild-type worms relative to 
fshr-1(ok778) mutants

10.2  GPCRs



300

10.2.3  Neuropeptide Receptors

10.2.3.1  NPR-1

Based on the mutant screen, it was found that the npr-1(ad609) mutant nematodes 
showed the enhanced susceptibility to P. aeruginosa-mediated killing (Fig. 10.7) 
[28]. Under the normal conditions, no difference in survival was seen between npr- 
1(ad609) mutant and wild-type nematodes [28], suggesting that the npr-1 mutation 
affects the innate immune response to pathogenic bacteria without altering the basic 
lifespan. Additionally, although the lawn avoidance is part of C. elegans defense 

Fig. 10.6 FSHR-1 acts in 
parallel to DAF-2 and the 
p38 MAPK pathway [27]. 
(a) daf-2 and fshr-1 single 
and double mutants were 
raised at 15 °C and then 
shifted to the restrictive 
temperature of 25 °C 4 h 
before exposure to PA14. 
(b, c) Loss of components 
of the p38 MAPK pathway, 
either by genetic mutation 
(pmk-1) or RNAi (tir-1 and 
nsy-1), enhances the 
pathogen sensitivity of 
fshr-1(ok778) null mutants. 
Experiments with pmk-1 
and fshr-1 single and 
double mutants were 
repeated five times, and in 
all cases the double 
mutants were significantly 
more sensitive than either 
single mutant
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Fig. 10.7 The NPR-1 neural circuit regulates innate immunity [28]. (a) Wild-type N2, npr- 
1(ad609) (P = 0.0001), gcy-35(ok769) (P = 0.0125), and gcy-35(ok769);npr-1(ad609) (P = 0.0639) 
were exposed to P. aeruginosa. (b) Wild-type N2, npr-1(ad609) (P  =  0.0001), tax-4(p678) 
(P  =  0.1673), and tax-4(p678);npr-1(ad609) (P  =  0.3611) were exposed to P. aeruginosa. (c) 
Wildtype N2, npr-1(ad609) (P = 0.0001), tax-2(p691) (P = 0.0930), and tax-2(p691);npr-1(ad609) 
(P  =  0.0031) were exposed to P. aeruginosa. (d) Wild-type N2; npr-1(ad609) (P  =  0.0001); 
qaIS2241 (P  =  0.0042); a strain which lacks AQR, PQR, and URX neurons; and npr- 
1(ad609);qaIS2241 (P = 0.0001) were exposed to P. aeruginosa. The graphs represent combined 
results of at least three independent experiments, N ≥ 40 adult nematodes per strain. (e) Wild-type 
N2, npr-1(ad609) (P  =  0.0001), pgcy-32::npr-1; npr-1(ad609) (P  =  0.0001), and pnpr-1::npr- 
1;npr-1(ad609) (P  =  0.1939) were exposed to P. aeruginosa. The graphs represent combined 
results of at least two independent experiments, N ≥ 100 adult nematodes per strain. Killing assays 
were performed at 17 °C, as low temperatures are known to increase the resolution of killing assays 
involving P. aeruginosa. (f) Model of the neural control of innate immunity in C. elegans: NPR-1 
inhibits the activity of AQR, PQR, URX and additional neuron(s) designated YYY that suppress 
innate immunity, while GCY-35, TAX-2, and TAX-4 are required for the activation of AQR, PQR, 
and URX neurons
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response to P. aeruginosa, it did not account for the difference between wild-type 
and npr-1(ad609) animals [28]. The susceptibility of nematodes deficient in NPR-1 
to P. aeruginosa was largely due to the decreased pathogen avoidance and the 
decreased innate immune responses.

In nematodes, the enhanced susceptibility of npr-1(ad609) to P. aeruginosa 
could be rescued by mutations in gcy-35 soluble guanylate cyclase (Fig. 10.7) [28]. 
Moreover, npr-1- and gcy-35-expressing sensory neurons (AQR, PQR, and URX) 
could actively suppress the innate immune responses of non-neuronal tissues to 
pathogen infection, since the nematodes lacking AQR, PQR, and URX neurons 
exhibited an increased survival on P. aeruginosa (Fig. 10.7) [28]. In addition, killing 
the AQR, PQR, and URX neurons also partially rescued the enhanced susceptibility 
of npr-1(ad609) to P. aeruginosa (Fig. 10.7) [28]. Expression of npr-1 in the AQR, 
PQR, and URX neurons could rescue the enhanced susceptibility of npr-1(ad609) 
to P. aeruginosa (Fig. 10.7) [28], suggesting the requirement of NPR-1 activity in 
sensory neurons for the control of innate immunity.

A full-genome microarray analysis was performed to identify the downstream 
targets for NPR-1 in regulating innate immunity in nematodes subjecting to patho-
gen infection. It was found that mutation in npr-1 caused the alteration of genes that 
are markers of innate immune responses, including those regulated by a conserved 
PMK-1/p38 MAPK signaling pathway (Fig. 10.8) [28]. These genes were similarly 
misregulated in nematodes deficient in NPR-1 or PMK-1 function [28]. Additionally, 
the npr-1(ad609) nematodes showed lower levels of active PMK-1 than wild-type 
nematodes (Fig.  10.8) [28]. Nevertheless, RNAi knockdown of pmk-1 in npr- 
1(ad609) mutant nematodes resulted in an increased susceptibility to pathogen 
infection [28], suggesting that NPR-1 regulates both PMK-1-dependent and inde-
pendent innate immune responses in nematodes.

10.2.3.2  NPR-4

Using assay system of preference choice on bacterial foods, OP50 and pathogen 
PA14, it was observed that the ADL sensory neurons were required for the control 
of preference choice [29]. In nematodes, some neuropeptides encoded by flp-4, flp- 
21, nlp-7, nlp-8, and nlp-10 are expressed in ADL sensory neurons, and ADL- 
specific RNAi knockdown of flp-4 or mutation of nlp-10 significantly decreased 
choice index compared with wild-type N2 [29].

The receptor for neuropeptide FLP-4 is NPR-4. Loss-of-function mutation of 
npr-4 significantly decreased the choice index compared with wild-type N2 
(Fig. 10.9) [29]. In nematodes, the sensory inputs can be released from ADL sen-
sory neurons to AIA, AIB, AVA, AVB, or AVD interneurons (Fig.  10.9) [29]. 
Expression of NPR-4 in the AVA or AIA interneurons did not recover the deficit in 
preference choice in npr-4(tm1782) mutants (Fig. 10.9) [29]. In contrast, expression 
of NPR-4  in AIB interneurons could obviously rescue the deficit in preference 
choice in npr-4(tm1782) mutants (Fig. 10.9) [29], suggesting that the FLP-4 released 
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from ADL sensory neurons regulates the preference choice through its receptor of 
NPR-4 in AIB interneurons in nematodes.

To identify candidate targeted genes for npr-4 in regulating preference choice, 
the expression patterns of genes expressed in AIB interneurons were examined. 
Among 24 genes expressed in AIB interneurons, it was found that mutation of npr-4 
caused the significant increase in expression levels of ptp-3 and ced-10 and the 

Fig. 10.8 The NPR-1 neural circuit regulates expression of innate immune genes [28]. (a–j) 
Quantitative reverse transcription–PCR analysis of C01B4.6/Y19D10A.16, F56A4.9/Y19D10A.7, 
C01B4.7/Y19D10A.4, F56A4.12/Y19D10A.11, abf-1, dod-24, F36F12.8, F46F2.3, gst-24, and 
T28F2.2 expression in npr-1(ad609) and gcy-35(ok769);npr-1(ad609) nematodes relative to wild- 
type nematodes exposed to P. aeruginosa. Data were analyzed by normalization to actin (act-1,-3,-
4) and relative quantification using the comparative cycle threshold method. Student’s exact t-test 
indicates differences among the groups are significantly different; bar graphs correspond to mean 
± SEM.  Point graphs correspond to gene quantification in independent isolations of npr- 
1(ad609)(N = 6) and gcy-35(ok769);npr-1(ad609) (N = 3). (K) The Venn diagram lists the genes 
identified by microarray analysis to be regulated by both NPR-1 and one or more known innate 
immune pathways in C. elegans. Genes that lie within two or three circles are regulated by multiple 
innate immune pathways in addition to NPR-1. Twenty-six genes have not been previously con-
nected to any of the innate immune pathways and are depicted in the solitary circle. (L) 
Immunological detection of active PMK-1. Active PMK-1 was detected in wild-type N2, npr- 
1(ad609), and gcy-35(ok769);npr-1(ad609). Animals were grown at 20 °C until 1-day-old adult 
and whole worm lysates were used to detect active PMK-1 by Western blotting using an antihuman 
p38 antibody. Actin was detected using a polyclonal antibody
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significant decrease in expression levels of glr-2, tax-6, cdc-42, and set-2 (Fig. 10.10) 
[29]. Using the available mutants for candidate targeted genes of npr-4 to  investigate 
their possible function in regulating preference choice, it was observed that only 
mutation of set-2 caused the significant decrease in choice index compared with 
wild-type N2 (Fig. 10.10) [29]. In nematodes, set-2 encodes a histone H3 at lysine 
4 (H3K4) methyltransferase. Moreover, preference choice phenotype of double 
mutant of set-2(ok952);npr-4(tm1782) was similar to that of single mutant of set-
2(ok952) or npr-4(tm1782) (Fig.  10.10) [29], suggesting that SET-4 and NPR-4 
function in the same pathway to regulate preference choice.

Fig. 10.9 NPR-4 regulated the preference choice in nematodes [29]. (a) Mutation of npr-4 gene 
altered preference choice. (b–d) Mutation of npr-4 gene did not influence leaving behavior from 
bacterial lawns and chemotaxis to OP50. (e) Schematic diagram for putative neural networks asso-
ciated with ADL sensory neurons, extracted from the complete circuit. Sensory neurons are shown 
as triangles and interneurons as hexagons. Arrows indicate chemical synapses. (f) Expression of 
NPR-4 in AIB interneurons rescued the deficit in preference choice in npr-4 mutants. Bars repre-
sent means ± S.E.M. **P < 0.01 vs N2 (if not specifically indicated)
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10.2.3.3  NPR-9

npr-9 encodes a homolog of the gastrin-releasing peptide receptor (GRPR) and is 
expressed in AIB interneurons. After infection with P. aeruginosa PA14, the npr- 
9(tm1652) mutant nematodes showed a resistance to the PA14 infection, a decreased 
PA14 colonization, and an increased expression of some immunity-related genes 
(Fig. 10.11) [30]. In contrast, the nematodes overexpressing NPR-9 exhibited an 
increased susceptibility to infection, an increased PA14 colonization, and a reduced 
expression of some immunity-related genes [30]. Additionally, the expression of 
GRPR, the human homolog of NPR-9, could largely mimic the NPR-9 function in 
regulating the innate immunity against the pathogen infection in nematodes [30].

Fig. 10.10 Identification of downstream target for NPR-4 in regulating preference choice in nem-
atodes [29]. (a) Mutation of npr-4 gene altered expression patterns of some genes expressed in AIB 
interneurons. (b) Mutation of set-2 gene induced the deficit in preference choice. (c) Genetic inter-
action of npr-4 with set-2 in regulating preference choice. (d–f) Leaving behavior from bacterial 
lawns and chemotaxis to OP50 in set-2 mutants. Bars represent means ± S.E.M. **P < 0.01 vs N2
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ChR2-mediated AIB interneuron activation could strengthen the innate immune 
response and decrease the PA14 colonization [30]. In nematodes, synaptic transmis-
sion can be potentiated by expression of the active protein kinase C homolog (pkc- 
1(gf)) [31, 32]. More importantly, it was observed that the overexpression of NPR-9 
suppressed the innate immune response and increased PA14 colonization in nema-
todes with the activation of AIB interneurons mediated by ChR2 or by expressing 
pkc-1(gf) in AIB interneurons (Fig. 10.12) [30]. Therefore, it is hypothesized that 
NPR-9 regulates the innate immune response to pathogen infection by antagonizing 
the activity of AIB interneurons.

Fig. 10.11 npr-9 mutants were resistant to P. aeruginosa infection [30]. (a) Comparison of sur-
vival plots between wild-type N2 and npr-9 mutants exposed to P. aeruginosa PA14. A statistical 
comparison of the survival plots indicates that survival of the mutant animals was significantly 
different from that of wild-type N2 animals (P < 0.0001). (b) Comparison of body bend between 
wild-type N2 and npr-9 mutants exposed to P. aeruginosa PA14 for 24 h. Bars represent mean ± 
s.d. **P < 0.01 vs N2. (c) Comparison of CFU between wild-type N2 and npr-9 mutants exposed 
to P. aeruginosa PA14. Bars represent the mean ± s.d. **P < 0.01 vs N2. (d) Quantitative real-time 
PCR analysis of expression patterns for immunity-related genes in npr-9 mutants exposed to P. 
aeruginosa PA14. Normalized expression is presented relative to wild-type expression; bars repre-
sent the mean ± s.d.
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10.2.3.4  NPR-12

NLP-29 is a neuropeptide-like protein expressed in the epidermis. The NLP-29 
expression can be induced by infection with pathogens, such as Drechmeria conios-
pora (36-h exposure) [33]. Infection of D. coniospora caused significant PVD den-
drite degeneration, and mutation of nlp-29 was able to completely block the 
infection-induced PVD dendrite degeneration (Fig. 10.13) [33].

The neuronal GPCR NPR-12 was further identified as the receptor of NLP-29 in 
nematodes [33]. Similarly, mutation of npr-12 also completely blocked the infection- 
induced PVD dendrite degeneration (Fig. 10.13) [33]. Compared to aging- associated 
degeneration, the rate of degeneration induced by infections at day 1 was relatively 
low (Fig. 10.13) [33], which might be due to protective mechanisms in young ani-
mals. Additionally, in infected nematodes, FLP dendrites displayed significantly 
higher degeneration rates, and mutation of nlp-29 or npr-12 also blocked this FLP 
degeneration caused by infection (Fig. 10.13) [33]. Nevertheless, pathogen infec-
tion did not induce obvious degeneration of PLM dendrites/sensory processes 
(Fig. 10.13) [33]. However, ectopic expression of npr-12 in PLM neurons was suf-
ficient to cause infection-dependent degeneration, and nlp-29 mutation could sup-
press this effect (Fig.  10.13) [33]. Moreover, mutations of atg-4.1 were able to 

Fig. 10.12 NPR-9 antagonized the function of AIB interneurons to regulate innate immunity [30]. 
(a) Effects of npr-9 overexpression on body bend of nematodes with ChR2-mediated activation in 
AIB interneurons exposed to P. aeruginosa PA14. (b) Effects of npr-9 overexpression on CFU in 
nematodes with ChR2-mediated AIB interneuron activation exposed to P. aeruginosa PA14. (c) 
Effects of npr-9 overexpression on expression patterns for immunity-related genes in nematodes 
with ChR2-mediated activation of AIB interneurons exposed to P. aeruginosa PA14. Normalized 
expression is presented relative to wild-type expression. Bars represent the mean ± s.d. **P < 0.01 
vs N2 if not specially indicated. CFU, colony-forming unit
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completely block the infection-induced PVD dendrite degeneration (Fig.  10.13) 
[33], implying that the autophagic machinery may be involved downstream of NPR- 
12 to transduce the degeneration signals in nematodes.

10.2.4  Neuronal SRH-220

Some genes encoding GPCRs such as SRE-1, SRI-51, SRH-132, and SRH-220 are 
expressed in the ADL sensory neurons, and, among them, loss-of-function mutation 
of srh-220 resulted in an enhanced choice index compared with wild-type N2 
(Fig. 10.14) [29], suggesting that the ADL can regulate the preference choice by 
inhibiting the function of GPCR SRH-220.

Fig. 10.13 Fungal infection induces dendrite degeneration via NLP-29 and NPR-12 [33]. Animals 
were either treated with Drechmeria coniospora or vehicle solution (NaCl 50 mM) and were quan-
tified for dendrite degeneration after 36-h incubation in the pathogen or vehicle. The mean differ-
ences between each strain under different treatment conditions were analyzed by one-way ANOVA, 
followed by Fisher’s LSD post hoc test. (a) Effects of infection on PVD dendrite degeneration; 
animals were treated on day 1. (b) Effects of infection on PVD dendrite degeneration; animals 
were treated on day 3. (c) Effects of infection on FLP dendrite degeneration; animals were treated 
on day 1. (d) Effects of infection on degeneration of PLM dendrite/sensory processes; animals 
were treated on day 1; ectopic expression of npr-12 in PLM neurons was driven by the mec-7 
promoter (Pmec-7::npr-12). #p < 0.05; ##p < 0.001. Data are represented as mean ± SEM
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In nematodes, unc-31 encodes a DAG-binding protein that plays a key role in 
dense core vesicle (DCV) release, and ADL RNAi knockdown of unc-31 signifi-
cantly decreased the choice index [29]. gsa-1 encodes a Gαs that enhances exocyto-
sis from DCVs, and pde-4 encodes a phosphodiesterase to alter cAMP levels. 
Similarly, ADL RNAi knockdown of gsa-1 or pde-4 significantly decreased the 
choice index [29]. These observations imply that the signaling from ADL sensory 
neurons may be primarily peptidergic with respect to the control of preference 
choice. In other words, the ADL sensory neurons might regulate preference choice 
through peptidergic signals, such as FLP-4 and NLP-10 [29].

Moreover, it was found that the function of FLP-4 or NLP-10 in regulating the 
preference choice was regulated by SRH-220. The preference choice phenotype in 

Fig. 10.14 Roles of SRH-220/GPCR in ADL sensory neurons in the control of preference choice 
in nematodes [29]. (a) Effects of srh-220 mutation on preference choice. (b–d) Leaving behavior 
from bacterial lawns and chemotaxis to OP50 in srh-220 mutants. (e) Rescue assay of preference 
choice phenotype in srh-220 mutants. (f) Optogenetically activating ADL sensory neurons sup-
pressed the function of SRH-220  in regulating preference choice. Optogenetical activation was 
performed under the lite-1 mutation background. Control, lite-1(ce314). Bars represent means ± 
S.E.M. **P < 0.01 vs N2 (if not specifically indicated)
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double mutant of flp-4(RNAi);srh-220(tm3783) was similar to that in flp-4(RNAi) 
nematodes, and the preference choice phenotype in double mutant of nlp- 
10(tm6232);srh-220(tm3783) was similar to that in nlp-10(tm6232) mutant nema-
todes [29]. Therefore, flp-4 or nlp-10 mutation may suppress the preference choice 
phenotype in srh-220 mutant nematodes.

10.3  Ion Channels

10.3.1  Cyclic Nucleotide-Gated Ion Channels

10.3.1.1  TAX-2 and TAX-4

In nematodes, the enhanced susceptibility of npr-1(ad609) mutant nematodes to P. 
aeruginosa was rescued by mutations in tax-2 or tax-4, encoding a cyclic GMP- 
gated ion channel [28], suggesting the involvement of these two ion channels in 
regulating the function of NPR-1 in controlling the innate immunity to pathogen 
infection in nematodes.

10.3.1.2  CNG-3

CNG-3 shows high homology with CNG channels of higher animals, as well as the 
TAX-4 [34]. CNG-3 is restricted in five sensory neurons of amphid, including AFD 
neurons [34]. Although the cng-3 null mutant nematodes displayed a normal che-
motaxis to volatile odorants, the cng-3 mutant nematodes exhibited an impaired 
thermal tolerance (Fig.  10.15) [34]. Moreover, the tax-4; cng-3 double mutants 
showed a similar phenotype to tax-4 mutants (Fig.  10.15) [34], suggesting that 
TAX-4 may act downstream of CNG-3 to regulate the thermal stress in nematodes.

10.3.2  Voltage-Gated Calcium Ion Channel UNC-2

UNC-2 is an ortholog of voltage-gated calcium ion channel protein. Under the nor-
mal conditions, UNC-2 functions to antagonize the transforming growth factor 
TGF-β pathway to influence the movement rate [35]. This UNC-2/TGF-β pathway 
was required for the accumulation of normal serotonin levels, because the decreased 
serotonergic staining in the ADF neurons of unc-2 mutant nematodes could be sup-
pressed by daf-4 and unc-43(gf) mutations [35]. This UNC-2/TGF-β pathway was 
further required for the thermal stress-induced tryptophan hydroxylase (TPH-1) 
expression in serotonergic chemosensory ADF neurons, but not the NSM neurons 
(Fig.  10.16) [35]. Moreover, this thermal stress-induced tph-1::GFP expression 
could be restored to normal level in the ADF neurons in unc-2 mutant nematodes by 
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mutations in daf-4 gene in TGF-β pathway or by unc-43(gf) mutation [35]. Besides 
this, it was found that transgenic expression of migraine-associated Ca2+ channel, 
CACNA1A, in unc-2 mutant nematodes could also functionally substitute for 
UNC-2 in stress-activated regulation of tph-1 expression [35].

10.3.3  Potassium Ion Channel KVS-1

KVS-1 is a potassium ion channel protein. In nematodes, the oxidation of KVS-1 
during the aging could cause the sensory function loss, and protection of this KVS-1 
channel from the oxidation could preserve the neuronal function [36]. Moreover, it 

Fig. 10.15 Thermotolerance assay of cng-3 [34]. (a) Fraction of survived worms was scored dur-
ing thermal stress of three plates containing 30 animals of each strain. Each data point represents 
the mean fraction of live worms over three plates at each time point. (b) The survival times of each 
strain are shown in mean ± SEM: wild type, 475 ± 22 min (n = 73); cng-3, 357 ± 16 min (n = 77); 
tax-4, 707 ± 10 min (n = 80); and tax-4;cng-3 double mutants, 666 ± 34 min (n = 65). The cng-3 
mutants were significantly more sensitive than wild type (P < 0.0001)
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Fig. 10.16 UNC-2 is required for stress-mediated regulation of tph-1 expression in ADF [35]. (a) 
The tph-1 expression in the ADF neuron is emphasized in an embossed fluorescence stereomicro-
scope image of a WT animal grown at 25 °C. The identity of the cell indicated by the outlined 
arrowhead as the ADF neuron is confirmed by both the position of the cell body near the distal end 
of the NSM axonal process and the extension of its dendritic process (black arrowheads) to the 
amphid sensillum (AS). (b, c) Decreased tph-1::GFP expression observed in the ADF neurons of 
fed unc-2 adult animals grown at 25  °C is increased by unc-43(gf) and daf-4(m592). Animals 
arranged for fluorescence (b) stereomicroscopy were embossed (c) as described above to empha-
size the differences observed between strains in the intensity of the ADF neurons; left to right: WT,   

10 Functions of G-Protein-Coupled Receptors and Ion Channels and the Downstream…



313

was found that the chemotaxis, a function controlled by KVS-1, was impaired in 
nematodes exposed to oxidizing agents, but only moderately affected in nematodes 
with an oxidation-resistant KVS-1 mutant (C113S) (Fig. 10.17) [36]. The endoge-
nous ROS could modify the native KVS-1 channels, and the native KVS-1 currents 
could be modified by endogenous ROS or by oxidizing agents [36]. In nematodes, 
the KVS-1 conducted the A-type current in the ASER sensory neurons.

10.3.4  Chloride Intracellular Channel EXL-1

Under the thermal stress conditions, EXL-1, not the EXC-4, responded specifically 
to the heat stress and translocated from the cytoplasm to the nucleus in intestinal 
cells in a timely ordered manner from posterior to anterior region and body wall 
muscle cells (Fig. 10.18) [37]. EXL-1 bears a nonclassical nuclear localization sig-
nal (NLS). Meanwhile, it was found that the exl-1 loss-of-function mutant nema-
todes were susceptible to heat stress than wild-type nematodes [37].

10.4  ARR-1/Arrestin

ARR-1 is the sole GPCR adaptor protein arrestin-1  in the GPCR signaling. The 
arrestins can block the G-protein-mediated signaling and itself function as signal 
transducers [38]. In nematodes, ARR-1 is expressed exclusively and functions 
within the nervous system to regulate the innate immunity against the pathogen 
infection (Fig. 10.19) [38]. ARR-1 regulated both the pathogen resistance and the 
lifespan extension by targeting different pathways [38]. ARR-1 was required for the 
GPCR signaling in ADF, AFD, ASH, ASI, AQR, PQR, and URX neurons to regu-
late the innate immune response to pathogen infection (Fig. 10.19) [38]. As indi-
cated by the expressional alteration in abu genes, the ER UPR induction in 
arr-1(ok401) mutant nematodes was independent of OCTR-1 in ASH and ASI sen-
sor neurons [38], suggesting that ARR-1 regulates the innate immune response to 
pathogen infection by activating the ER UPR response in nematodes.

Fig. 10.16 (continued) unc-2, unc-2;unc-43(gf), and unc-2;daf-4(m592). (d, e) Monoaminergic 
differentiation of the ADF neurons is normal in unc-2. Expression of the monoamine transporter 
gene reporter cat-1::GFP is similar in WT (d) and unc-2 (e). (f–i) tph-1::GFP expression in the 
ADF neurons is regulated by temperature and starvation. Expression of the tph-1 transgene in ADF 
is weaker than in NSM at 15 °C (f) but nearly equal at 25 °C (g) in fed WT animals. Fed unc-2 
animals have low levels of tph-1 transgene expression in the ADF as in (f), at both 15 and 25 °C, 
but frequently exhibit unilateral (h) or absent (i) ADF expression when developing to the adult 
under relative starvation conditions at 25 °C. The location of the ADF and NSM neurons is indi-
cated by white and black arrowheads, respectively. Scale bars, 10 μm
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Fig. 10.17 Protected chemosensory function in C113S worms [36]. (a) Chemotaxis to biotin in 
N2 (parental control strain), tm2034 (kvs-1 null), wild type-KVS-1 (WT), and C113S-KVS-1 
(C113S), L4 worms. The chemotaxis-defective eat-4(ky5), which harbors a mutation in a vesicular 
glutamate transporter necessary for glutamatergic neurotransmission in C. elegans, was employed 
as “sensory-defective” positive control. n = 4 experiments. (b) Chemotaxis to biotin in control 
conditions (black) and in worms exposed to hydrogen peroxide (light gray). Young adult worms 
were soaked in M9 buffer containing 1 mM H2O2 (for 20 min) or M9 buffer (control), allowed to 
recover for 30 min, transferred to a test plate, and tested for chemotaxis. n = 5 experiments for N2, 
wild type-KVS-1, and C113S-KVS-1 and n = 3 experiments for kvs-1 KO. (c) As in B for worms 
exposed to 0.5 mM CHT for 40 min. n = 5 experiments. (d) As in B for Pflp-6::wild type-KVS-1 
and Pflp-6::C113S-KVS-1 worms. n = 4 experiments. (e) Forward movement phenotype in the 
indicated genotypes in control (black) and after exposure to 1 mM H2O2 (light gray). n ≥ 11 ani-
mals/bar. (f) Mean average speeds in the indicated genotypes in control (black) and after exposure 
to 1 mM H2O2 (light gray). n ≥ 10 animals/bar. Data are presented as mean ± standard error of the 
mean (s.e.m). Statistically significant differences are indicated with * (0.01 < P < 0.05) and ** 
(P < 0.01)

Fig. 10.18 (continued) (D1–D3) EXL-1::GFP translocates into the nucleus in body wall muscle 
cells (arrows) under heat shock at 35 °C for 2 h. Inset shows enlarged image of the nucleus. (E1–
E3) DAPI staining in L4 animals shows that EXL-1::GFP signal overlaps with DNA staining 
inside the nucleus. (F1-F3) EXL-1::GFP does not translocate into the nucleus under 200 mM para-
quat treatment for 4 h. Images are taken at L4 stage. 1, GFP fluorescence image; 2, Nomarski 
image (E2: DAPI staining); 3, merged image
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Fig. 10.18 EXL-1 accumulates into the nucleus after heat shock [37]. (A1-A3) EXL-1::GFP is 
expressed in intestinal cells at standard culture condition (20 °C). The protein is diffuse inside the 
cells. No exclusion of nuclear expression was observed. (B1–B3) EXL-1::GFP accumulates into 
the intestinal nuclei (arrows) when animals were subjected to heat shock at 35 °C for 2 h. Inset 
shows enlarged image of the nucleus. (C1–C3) EXL-1::GFP is expressed in body wall muscle cells. 
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10.5  G-Proteins

10.5.1  Gqα Signaling

In organisms, Gqα signaling antagonizes Goα signaling by affecting the levels of 
diacylglycerol (DAG). In nematodes, the Gqα signaling is mediated by heterotri-
meric G-protein α q subunit (EGL-30), and EGL-30 stimulates the phospholipase C 
β (EGL-8) to produce the DAG [39]. Both the egl-30 and the egl-8 mutant nema-
todes have decreased DAG and decreased neuronal secretion [39]. It was further 
observed that, besides the constitutive DAF-16 nuclear localization, the elevated 
expressions of antimicrobial genes (lys-7, thn-2, and spp-1) were observed in egl-
8(n488), egl-30(n686), and egl-8(md1971) mutant nematodes (Fig.  10.20) [40], 
suggesting the involvement of Gqα and PLCβ in the regulation of innate immune 
response to pathogen infection. The Gqα and PLCβ mutant nematodes were suscep-
tible to pathogen infection (Fig. 10.20) [40]. Moreover, EGL-30 and EGL-8 were 
required in the intestine for innate immune response to pathogen infection, but not 
for longevity [40].

10.5.2  Goα Signaling

GOA-1 is a neuronal G-protein Goα subunit, and EAT-16 is a regulator of G-protein 
signaling (RGS) protein, functioning downstream of GOA-1. Under the normal 
conditions, GOA-1 is involved in the control of locomotion, egg-laying, feeding, 
and olfactory adaptation. In nematodes, exposure to the pore-forming toxins 

Fig. 10.19 Schematic of neural control of immune homeostasis by ARR-1 signaling [38]. In addi-
tion to OCTR-1, at least another receptor may signal through ARR-1 in ASH and ASI neurons to 
control abu gene expression. ARR-1 function in AQR, PQR, and URX neurons appears to play 
only a small role in the control of abu genes, whereas ARR-1 function in ADF and AFD neurons 
plays a more important role. ARR-1 signaling in ADF neurons also partially regulates longevity. 
Chemosensory ADF and thermosensory AFD neurons have unidentified receptors that may be 
regulated by ARR-1 to control abu gene expression and immune homeostasis
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(PFTs) induced a feeding cessation [41]. Moreover, it was found that the inhibition 
of feeding by PFT required both the GOA-1 and the EAT-16 (Fig.  10.21) [41]. 
Besides this, this Goα signaling was also involved in the regulation of PFT defense 
in nematodes [41].

In nematodes, the serotonin synthesized in the chemosensory neurons play an 
important function in modulating the innate immune response [42]. Moreover, it 
was observed that the Gαo RGS EGL-10 in the rectal epithelium acted downstream 
of TPH-1-mediated neuronal serotonin signaling released from chemosensory neu-

Fig. 10.20 Gqα and PLCβ mutants are sensitive to pathogen despite reduced IIS [40]. (a) Elevated 
expression of IIS-regulated immune genes in egl-8 mutants. mRNA levels of immune genes in 
egl- 8(n488) and wild-type (N2) under conditions of normal growth on E. coli as measured by qRT- 
PCR are shown. (B) Gqα and PLCβ mutants are sensitive to pathogen. Fraction of egl-30 (n686), 
egl-8(n488), and wild-type (N2) alive are plotted as a function of time of exposure to P. aerugi-
nosa. Shown is a representative of three experiments with 100–120 age-matched adults for each 
strain, mean time to death of 128.5 ± 4.8, 83.7 ± 2.5, and 77.6 ± 2.7 h for N2, egl-8(n488), and egl- 
30(n686), respectively. Log rank P < 0.001 relative to N2. (C–E) egl-8 mutants maintain reduced 
IIS upon infection. mRNA levels of lys-7, spp-1, and thn-2 (C) and ins-7 (E) in egl-8(n488) and 
wild-type (N2) after 12 h exposure to P. aeruginosa as measured by qRT-PCR. In A, C, and E, 
mRNA level of each gene was compared with N2, which was set at 1. Shown is the mean ± SD for 
a representative of three independent experiments. All datasets were significantly different from 
wild-type (P < 0.05; ANOVA Dunnett’s test). egl-8 was not significantly different from daf-2 in A, 
B, and E (P > 0.05, Dunnett’s test). (D) DAF-16::GFP localization in wild-type, egl-8(n488), egl- 
30(n686), and ins-7(tm1907) after exposure to P. aeruginosa. The number of nuclei showing dis-
tinct DAF-16 localization was enumerated under control (OP50) and infection (PA14) condition. 
Graph shows a representative of two independent experiments with 20 worms per strain after 21 h 
of exposure to P. aeruginosa. *P < 0.001 (Student’s t-test)
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rons to regulate the innate immune response and to affect the pathogen clearance 
[42]. Different from this, the TPH-1-mediated serotonin signaling might act 
upstream of, or in parallel to, the EGL-30(Gαq) pathway to regulate the innate 
immune response [42]. A corresponding hypothesis was further raised about this in 
Fig. 10.22 [42].

10.6  PLC-DAG-PKD Signaling

10.6.1  PLC-PKD-TFEB Signaling Cascade

The transcription factor EB (TFEB) HLH-30 was required for the host defense [43]. 
It was further found that the activation of HLH-30 required the DKF-1, a homolog 
of protein kinase D (PKD) in nematodes infected with Staphylococcus aureus [43]. 
The pharmacological activation of PKD was sufficient to activate the HLH-30 [43], 
which further confirmed this observation. Moreover, the activation of HLH-30 also 
required the PLC-1, a phospholipase C (PLC), downstream of Gαq homolog EGL- 
30 and upstream of DKF-1 in nematodes infected with S. aureus [43]. Therefore, a 
conserved PLC-PKD-TFEB signaling cascade was identified to be required for the 
regulation of innate immune response to pathogen infection in nematodes 
(Fig. 10.23) [43].

Fig. 10.21 Goα pathway components are required for cessation of feeding in response to PFTs 
[41]. (a) goa-1(sa734) mutant animals constitutively feed on E. coli-expressed Cry5B. (b) goa- 
1(sa734) animals constitutively feed on V. cholerae expressing VCC. (c) 30 min after transfer to E. 
coli-Cry5B, goa-1(sa734) and, to a lesser extent, eat-16(ce71) mutant animals have significantly 
increased feeding rates. Individual measurements of three combined experiments are shown; bars 
indicate medians
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10.6.2  DKF-2

DKF-2 is a protein kinase D (PKD). In organisms, the PKD can mediate the signal 
transduction downstream from phospholipase C and DAG. In nematodes, pathogen 
infection could potentially activate the DKF-2 expression [44]. Nematodes lacking 
DKF-2 were hypersensitive to killing by bacteria [44], suggesting that the DKF-2 
regulates the innate immunity. Moreover, TPA-1, a PKCδ homolog, was identified 
to regulate the activation and the functions of DKF-2 in regulating the innate immu-
nity [44]. Therefore, a signaling cascade of DAG-TPA-1-DKF-2 was raised to be 
required for the control of innate immunity in nematodes (Fig. 10.24) [44].

Fig. 10.22 Serotonin synthesis in chemosensory neurons inhibits the immune response by alter-
ing rectal epithelial G-protein signaling [42]. In response to environmental cues, such as the pres-
ence or absence of food, serotonin, released from ADF chemosensory neurons, acts, directly or 
indirectly, to regulate GOA-1(Gαo) signaling in the rectal epithelium. This signaling suppresses 
the Dar phenotype that forms part of the innate immune response and limits the rate of pathogen 
clearance from the rectal opening
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In nematodes, pathogen infection induced the alteration in expression of 
>75 mRNAs in dkf-2 mutant nematodes [44]. The products for these altered genes 
contained those of antimicrobial peptides and proteins that sustain intestinal epithe-
lium [44]. It was further found that the DKF-2 could promote the activation of 
PMK-1, and a-loop phosphorylation was required for DKF-2-mediated induction of 
antimicrobial genes [44]. Therefore, the induction of immune effectors by DKF-2 
may proceed via PMK-1-dependent and PMK-1-independent pathways in 
nematodes.

10.6.3  Association with p38 MAPK Signaling

In nematodes, it was further found that the intestinal Gqα and PLCβ could regulate 
the innate immunity by affecting the activity of p38 MAPK signaling pathway [40]. 
The PLCβ mutant nematodes had reduced levels of p38 MAPK-regulated immune 
genes (Fig. 10.25) [40]. That is, the regulation of innate immunity by Gqα-PLCβ 
signaling is primarily through the intestinal p38 MAPK signaling pathway. 
Moreover, the intestinal p38 MAPK activity was regulated by the diacylglycerol 
levels, a product of PLCβ (Fig. 10.25) [40], suggesting that Gqα and PLCβ may 
modulate the intestinal p38 MAPK activity and innate immunity by further affect-
ing the levels of DAG.

Fig. 10.23 An 
evolutionarily conserved 
PLC-PKD-TFEB pathway 
for host defense [43]
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Fig. 10.24 TPA-1 controls DKF-2 [44]. (a) Depicts survival curves for dkf-2(pr3) null, pkc- 
1(ok563);pkc-2(ok328) double null, and tpa-1(k530) defective C. elegans mutants feeding on 
PA14. (b) Shows survival curves for WT, dkf-2(pr3), and transgenic (dkf-2::DKF-2-GFP and tpa- 
1(k530);dkf-2::DKF-2-GFP) nematodes fed PA14. (c) Presents a model for (partial) regulation of 
immunity by a DAG→TPA-1→DKF-2 signaling pathway in C. elegans. It is speculated that patho-
gens directly/indirectly activate PLCs, thereby increasing DAG levels. DAG recruits and activates 
TPA-1, which phosphorylates and activates DAG-bound DKF-2. DKF-2, a PKD prototype, induces 
expression of immune effector mRNAs that defend intestinal cells against pathogens via PMK-1- 
dependent and PMK-1-independent mechanisms
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10.7  Ca2+ Signaling

10.7.1  UNC-31

UNC-31 is a calcium activator. In nematodes, inhibition of feeding by PFT required 
the neuronally expressed UNC-31 [41]. The inhibition of feeding by PFT in unc- 
31(e928) mutant nematodes was also different from that in wild-type nematodes, 
and this maintenance of feeding cessation could be restored when unc-31 was selec-
tively expressed in the neurons [41].

10.7.2  CRT-1

crt-1 encodes a calreticulin (CRT), a Ca2+-binding protein with the functions in 
regulating Ca2+ homoeostasis and chaperone activity [45]. In nematodes, CRT-1 is 
expressed in the intestine, pharynx, body wall muscles, head neurons, coelomo-
cytes, and sperm [45]. Besides the reduced mating efficiency, the defects in sperm 

Fig. 10.25 PLCβ influences immunity and oxidative stress resistance primarily through the p38 
MAPK pathway [40]. p38 MAPK is the primary mediator of oxidative stress (a, b) and pathogen 
(c, d) sensitivity of egl-8(n488). Graphs show survival of wild-type (N2) and egl-8(n488) com-
pared with sek-1(km4), egl-8(n488); sek-1(km4) (a, c) and daf-16(mu86) and egl-8(n488); daf- 
16(mu86) (b, d) after exposure to 3  mM arsenite (a, b) or P. aeruginosa (c, d). Shown is a 
representative of two independent experiments for a cohort of 100–120 age-matched adults for 
each strain
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development, oocyte development, and/or somatic gonad function in hermaphro-
dites and the abnormal behavioral rhythms observed in crt-1 mutant nematodes, the 
CRT-1 expression was obviously elevated under the stress conditions [45], suggest-
ing the possible involvement of CRT-1 in the regulation of toxicity of environmental 
toxicants or stresses in nematodes.

10.8  Perspectives

In this chapter, we raised a series of evidence to highlight the crucial roles of GPCRs 
and ion channels in the toxicity induction of environmental toxicants or stresses. 
Nevertheless, so far, only very limited GPCRs and ion channels have been identified 
to be involved in the regulation of toxicity of environmental toxicants or stresses. 
Actually, there are a huge number of GPCRs existed in the cells of nematodes. 
However, the exact functions for most of the GPCRs are still unknown even under 
the normal conditions. Therefore, the systematic elucidation of the functions of 
GPCRs under both the normal and the stress conditions is needed to be conducted.

At least for nematodes, the responses to environmental toxicants may be very 
different from those of environmental stresses. The responses of nematodes to envi-
ronmental toxicants may be closely associated with chemical interaction between 
toxicants and cells or tissues. However, the response of nematodes to environmental 
stresses, such as heat shock, UV irradiation, and microgravity, may be more closely 
associated with the physical interactions. We do not deny that exposure to environ-
mental toxicants and stresses may activate some shared and conserved molecular 
responses mediated by GPCRs and ion channels. Nevertheless, a certain difference 
may exist for the molecular responses (mediated by GPCRs and ion channels) to 
environmental toxicants from those of environmental stresses.

In this chapter, we also tried to introduce and discuss the potential activation of 
cytoplasmic signaling cascade, especially the signaling cascade containing ARR-1/
arrestin, G-proteins, PLC-DAG-PKD signaling, and Ca2+ signaling activated in 
nematodes exposed to environmental toxicants or stresses. Nevertheless, most of 
the related information about this is still unclear. More detailed and different signal-
ing cascades downstream of the cell membrane GPCRs and ion channels are needed 
to be further carefully identified, that is, besides the already introduced cytoplasmic 
signaling cascade here, whether certain GPCRs and especially ion channels will 
potentially activate or suppress other unknown downstream cytoplasmic signaling 
cascades. Additionally, it is still unclear how the possible shift will happen between 
or among different downstream signaling cascades under different conditions in 
nematodes.
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Chapter 11
Discussion on Specificity of Molecular 
Signals in Response to Certain 
Environmental Toxicants or Stresses

Abstract In the field of toxicology or environmental science, some researchers are 
wondering a question. That is, whether specific molecular signaling pathways in 
response to certain environmental toxicants or stresses exist in organisms. We 
selected three well-described response signals (heavy metal response, heat shock 
response, and hypoxia response) to discuss this question. So far, the obtained 
knowledge does not support the possible existence of specific molecular signaling 
pathways in response to certain environmental toxicants or stresses at least in 
nematodes.

Keywords Heavy metal response signaling · Heat shock response signaling · 
Hypoxia response signaling · Specific molecular signaling · Caenorhabditis 
elegans

11.1  Introduction

In the environment, there are many toxicants or stresses having the potential to 
cause the toxicity at different aspects on nematodes [1–6]. For a long time, the 
researchers in the field of toxicology or environmental science have tried to identify 
the specific molecular signaling pathways for nematodes in response to certain 
environmental toxicants or stresses. And then, an important question needs us to 
further carefully judge or evaluate. That is, are there any specific molecular signals 
for nematodes in response to certain environmental toxicants or stresses?

In this chapter, we selected three well-described response signals (heavy metal 
response, heat shock response, and hypoxia response) to discuss this question. We 
first introduced and discussed the widely accepted molecular signals for the control 
of these three important responses. Again, we will discuss the potential involvement 
of these molecular signals in the regulation of toxicity from other environmental 
toxicants or stresses in nematodes.
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11.2  Heavy Metal Response Signaling

11.2.1  Molecular Signaling for Heavy Metal Response

11.2.1.1  Metallothioneins

Metallothioneins are widely considered as the primary player in the detoxification 
of and protection from toxicity by the heavy metal of cadmium (Cd) [7]. In 
nematodes, mtl-1 and mtl-2 encode the metallothioneins. A highly sensitive and 
dose-dependent transcriptional response to Cd, but not Cu or Zn, was observed for 
both MTL-1 and MTL-2 (Fig.  11.1) [7]. Additionally, Cd exposure induced the 

Fig. 11.1 Isoform-specific 
transcript analysis of mtl-1 
and mtl-2 [7]. Utilizing a 
semiquantitative PCR- 
based approach, it was 
possible to assess the dose 
response to cadmium (a), 
copper, and zinc (b) and 
the temporal response to 
cadmium exposure (c) of 
mtl-1 and mtl-2 in 
wild-type nematodes and 
gk125 the mtl-2 null allele. 
PCRs were terminated at 
the half-log phase of 
amplification and 
normalized to the invariant 
ribosomal protein rpa-1
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sharp induction of both MTL-1::GFP in the pharynx and intestine and MTL-2::GFP 
in the intestine (Fig.  11.2) [7]. No measurable upregulation of mtl-1 could be 
detected in mlt-2 mutant nematodes [7], suggesting that these two genes are 
independent and not synergistic action may be formed.

Mutation or RNAi knockdown of mtl-1 or mtl-2 induced a susceptibility to Cd 
toxicity using body size, generation time, brood size, and lifespan as the toxicity 
assessment endpoints (Fig.  11.3) [7], which provide the functional evidence to 
demonstrate the important roles of MTL-1 and MTL-2 in regulating the Cd toxicity 
in nematodes.

11.2.1.2  CDR-1

CDR-1 is a predicted 32-kDa, integral membrane protein. cdr-1 is transcribed 
exclusively in intestinal cells of postembryonic nematodes [8]. In the intestine, the 
CDR-1 is targeted to the cytoplasmic lysosomes [8]. The cdr-1 transcription was 

Fig. 11.2 Promoter-GFP fusions of mtl-1 (a) and mtl-2 (b) after germ line transformation [7]. The 
background signal (-Cd) was significantly increased by exposure to 10 mM cadmium (+Cd) for a 
24 h period. In both isoforms, the primary site of cadmium responsive induction is the intestine, 
but note that only mtl-1 is expressed constitutively in the lower pharyngeal bulb (right-hand panels)
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Fig. 11.3 Exposure to cadmium slows down development in a dose-responsive manner [7]. This 
effect is more profound in gk125 and particularly during knockdown of mtl-1, mtl-2, or both by 
RNAi. All images are representative of 2-day post hatch nematodes. Numbers below the images 
are average area measurements (G standard error) from four nematodes. Based on a nonparametric 
Mann–Whitney U-test, identical letters (in brackets) denote that samples are not significantly 
different (P ≥ 0.05)
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significantly induced by Cd exposure, but not by other examined stressors (heavy 
metals of Hg, Cu, and Zn, paraquat, hugalone, and heat shock) (Fig. 11.4) [8], sug-
gesting that CDR-1 expression is under the control of Cd exposure in a cell-specific 
fashion. In addition, RNAi knockdown of cdr-1 also induced a susceptibility to Cd 
[8, 9].

Fig. 11.4 Cell-specific 
expression of cdr-1 [8]. (a, 
b) C. elegans, strain JF9 
(mtIs7, cdr-1/lacZ) was 
exposed to 100 μM CdCl2 
for 24 h and then stained 
for β-galactosidase activity. 
(a) Reporter gene activity 
in the intestinal cells of a 
young adult and an L3 
larva. (b) cdr-1 promoter 
activity in the intestinal 
cells of an L1 larva. (c) In 
situ hybridization of 
cadmium-treated L1 C. 
elegans larvae. CDR-1 
mRNA was visualized by 
exposing wild-type 
nematodes to a 
digoxigenin-dUTP-labeled 
CDR-1 antisense probe. (c) 
shows that the CDR-1 
transcript is expressed 
throughout the intestine of 
L1. “ph” marks the 
location of the pharynx in 
all panels. Nematodes were 
photographed using 
Nomarski optics
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11.2.2  Regulation of Toxicity of Other Environmental 
Toxicants by MTL-1 and MTL-2

Some engineered nanomaterials (ENMs) have been shown to be toxic for organ-
isms, including the nematodes [10–17]. Among these ENMs, titanium dioxide 
nanoparticles (TiO2-NPs) and zinc oxide NPs (ZnO-NPs) are two widely used 
ENMs. In nematodes, mutation of mtl-2 resulted in a susceptibility to the TiO2–NPs 
toxicity in reducing body length, in reducing brood size, in decreasing locomotion 
behavior as indicated by the endpoints of head thrash and body bend, and in inducing 
intestinal autofluorescence and ROS production [18]. In nematodes, pcs-1 encodes 
a phytochelatin synthase. Additionally, the severe susceptibility to ZnO-NPs toxicity 
was observed in the triple mutant of mtl-1;mtl-2;pcs-1(zs2) (Fig.  11.5) [19]. 
Moreover, the mtl-2::GFP expression was significantly increased by exposure to 
ZnO-NPs in nematodes (Fig. 11.5) [19].

Nanopolystyrene particles are another important ENM with the wide commer-
cial uses. In nematodes, prolonged exposure to nanopolystyrene particles caused the 
toxicity on the functions of both primary and secondary targeted organs [20]. It was 
further found that the intestinal insulin signaling pathway including the daf-16 
encoding a FOXO transcriptional factor was involved in the control of toxicity of 
nanopolystyrene particles [21]. daf-16 has many potential targeted genes during the 
control of biological processes [22–24], and, among them, lys-8, dct-6, nnt-1, ftn-1, 
pept-1, dod-17, klo-1, ncx-6, cyp-35A3, nhx-2, vha-6, pho-1, gale-1, cyp-34A9, 
stdh-1, nrf-6, hsp-16.1, hsp-16.2, asah-1, ges-1, cpr-1, acdh-1, vit-5, mtl-2, dod-22, 
gcy-18, vit-2, lys-7, mtl-1, dct-18, gpb-2, fat-5, cyp-35B1, sod-3, sodh-1, icl-1, fat-7, 
dod-4, fat-7, asp-3, mdl-1, spp-1, and dct-1 can be expressed in the intestine. 
Exposure to nanopolystyrene particles (1  μg/L) only significantly increased the 
transcriptional expressions of sod-3, mtl-1, gpb-2, fat-7, and sodh-1 in wild-type 
nematodes (Fig. 11.6) [21]. Meanwhile, daf-16 mutation significantly decreased the 
transcriptional expressions of sod-3, mtl-1, gpb-2, fat-7, and sodh-1 after exposure 
to nanopolystyrene particles (1 μg/L) (Fig. 11.6) [21]. Among these targeted genes, 
using VP303 as a genetic tool, it was observed that intestine-specific RNAi 
knockdown of mtl-1 induced a susceptibility to the toxicity of nanopolystyrene 
particles in inducing ROS production (Fig. 11.6) [21]. These results suggest that 
mtl-1 acts as a targeted gene of daf-16 in the regulation of toxicity of nanopolystyrene 
particles.
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Fig. 11.5 Induction of green fluorescence protein (measured as relative fluorescence units) in mtl- 
2::GFP and pcs-1::GFP transgenic Caenorhabditis elegans in response to ZnO-NPs [19]. 
Approximately ten worms were observed in each case. Error bars represent the standard error 
(n  =  10). Statistical analysis was performed using the Wilcoxon signed-rank test (p  <  0.05). 
Exposure to ZnO-NPs generates high levels of free radical H2O2 in C. elegans.
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Fig. 11.6 Identification of targeted genes for daf-16 in the regulation of response to nanopolysty-
rene particles [21]. (a) Effects of exposure to nanopolystyrene particles on gene expression in 
wild-type nematodes. (b) Effects of daf-16 mutation on expression of intestinal targeted genes of 
daf-16 after exposure to nanopolystyrene particles. (c) Effect of intestine-specific RNAi knock-
down of sod-3, mtl-1, gpb-2, fat-7, or sodh-1 on induction of ROS production in nematodes 
exposed to nanopolystyrene particles. Nanopolystyrene exposure concentration was 
1 μg/L. Nanopolystyrene exposure was performed from L1-larvae to adult day 3. Bars represent 
means ± SD. **P < 0.01 vs control (if not specially indicated)
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11.3  Heat Shock Response Signaling

11.3.1  Molecular Signaling for Heat Shock Response

11.3.1.1  Heat Shock Proteins

Early in 1983, it was reported that treatment of the nematodes with elevated tem-
peratures could induce the synthesis of the heat shock proteins [25]. In contrast, 
synthesis of most other proteins present before the heat shock was suppressed [25]. 
Additionally, the dauer larvae possess little translatable mRNA but, upon the heat 
shock, synthesizes a set of messages corresponding to the heat shock proteins [25].

11.3.1.2  HSF-1

hsf-1 encodes a heat shock factor. HSF-1 is a master transcriptional regulator of 
stress-inducible gene expression, as well as protein-folding homeostasis [26]. hsf-1 
was required for both the longevity control and the temperature-induced dauer 
larvae formation in nematodes [26, 27]. Heat shock-induced expression of hsp-16.2 
was virtually eliminated in hsf-1 mutant nematodes (Fig. 11.7) [27], suggesting the 
potential role of HSF-1 as an inducer of heat shock response.

Fig. 11.7 Decreased levels of hsp-16.2 mRNA in suppressor mutants, as measured by quantitative 
real-time PCR [27]. Input levels for each sample were normalized with control PCR reactions 
using 18S rRNA
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11.3.2  Regulation of Toxicity of Other Environmental 
Toxicants by Heat Shock Proteins

In nematodes, heat shock treatment induced the significant increase in HSP- 
16.1::GFP, HSP-16.2::GFP, HSP-16.41::GFP, and HSP-16.48::GFP (Fig.  11.8) 
[28]. Meanwhile, hypoxia treatment also induced the significant increase in HSP- 
16.1::GFP and HSP-16.2::GFP, and ethanol treatment induced the significant 
increase in HSP-16.1::GFP, HSP-16.2::GFP, HSP-16.41::GFP, and HSP-16.48::GFP 
(Fig. 11.8) [28].

Moreover, it was found that mutation of hsp-16.48 could further result in a sus-
ceptibility to the TiO2-NPs toxicity in reducing body length, in reducing brood size, 
in decreasing locomotion behavior, and in inducing intestinal autofluorescence and 
ROS production [18]. Similarly, mutation of hsp-16.48 caused the susceptibility to 
graphene oxide (GO) toxicity in reducing brood size, in decreasing locomotion 
behavior, and in inducing intestinal ROS production, and the enhanced accumulation 
of GO in the body of nematodes (Fig. 11.9) [29]. In addition, mutation of hsp-70 or 
hsp-3 increased the susceptibility of nematodes to Mn toxicity in reducing lifespan, 
and mutation of hsp-70 enhanced neurotoxicity of Mn in inducing the degradation 
of dopaminergic neurons in nematodes [30].

11.3.3  Regulation of Toxicity of Other Environmental 
Toxicants by HSF-1

Environmental pathogen infection can potentially cause the toxicity as different 
aspects on organisms, including the nematodes [31–39]. It was observed that RNAi 
knockdown of hsf-1 induced a susceptibility to P. aeruginosa PA14 infection in 
reducing the lifespan, whereas overexpression of HSF-1 induced a resistance to P. 

Fig. 11.8 (continued) expression of HSP16-1. HSP16-1 is minimally expressed without stress. 
The second row represents the result of exposure to 7% ethanol for 30 min. The third row represents 
the result of exposure to 1 mM of sodium azide for 30 min. The forth row represents the result of 
exposure to 200 mM of NaCl solution for 30 min, and the last row represents the result of starvation 
for 12 h. The figures of the first and third column are Nomarski images, and the second and fourth 
are GFP fluorescence driven by the hsp-16-1 promoter. HSP-16.1 was more strongly induced by 
starvation than by other stresses and appeared as punctuated spots. The scale bar represents 50 mm. 
(b) Hypoxia response of the hsp-16 genes in a hypoxia chamber. Each column represents the 
expression of hsp-16.1, hsp-16.2, hsp-16.41, and hsp-16.48, respectively. Upper panels are control 
animals and lower panels, the animals incubated in the hypoxia chamber. Only hsp-16.1 and hsp- 
16.2 responded to hypoxia. (c) Hypoxia response of the hsp-16 genes in the animals soaked in the 
M9 buffer. Each column represents the expression of hsp-16.1, hsp-16.2, hsp-16.41, and hsp- 
16.48, respectively. All four genes are responsive to heat shock and ethanol stress, but only hsp- 
16.1 and hsp-16.2 responded to hypoxia. We observed more than 30 animals from at least two 
independent transgenic lines for each gene and obtained similar results shown in this figure. This 
figure shows representative animals. The scale bars in (b, c) represent 0.2 mm
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Fig. 11.8 The hypoxia responses of the hsp-16 genes in C. elegans are distinct [28]. (a) The 
expression of HSP-16.1 is induced by several types of stress. The first row represents the basal 
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aeruginosa PA14 infection in reducing the lifespan (Fig. 11.10) [40]. The suscepti-
bility of hsf-1 mutant nematodes to P. aeruginosa PA14 infection in reducing the 
lifespan could be further enhanced by RNAi knockdown of pmk-1 encoding a p38 
MAPK in p38 MAPK signaling pathway (Fig. 11.10) [40].

Fig. 11.9 Distributions of GO-Rho B in wild-type and mutant nematodes [29]. (a) Pictures show-
ing the distributions of GO-Rho B in wild-type and mutant nematodes. (b) Comparison of relative 
fluorescence of GO-Rho B in the intestine between wild-type and mutant nematodes. (c) 
Comparison of relative fluorescence of GO-Rho B in the pharynx between wild-type and mutant 
nematodes. (d) Comparison of relative fluorescence of GO-Rho B in the spermatheca between 
wild-type and mutant nematodes. The arrowheads indicate the pharynx. The intestine (**) and the 
spermatheca (*) are also indicated. GO exposure was performed from L1-larvae to young adult. 
The exposure concentration of GO was 100 mg/L. Bars represent means ± SEM. **P < 0.01 vs. 
N2
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In nematodes, it was further observed that RNAi knockdown of hsf-1 could sup-
press the resistance of daf-2 mutant nematodes to pathogen infection (Fig. 11.11) 
[40], suggesting that HSF-1 may act downstream of insulin signaling pathway to 
regulate the innate immune response to pathogen infection in nematodes. That is, 

Fig. 11.10 HSF is required for C. elegans immunity to P. aeruginosa [40]. (a) Wild-type worms 
grown on E. coli carrying a vector control were untreated or HS-treated and exposed to P. 
aeruginosa (P < 0.03). In addition, wild-type animals grown on E. coli expressing hsf-1 double- 
stranded RNA were untreated or HS-treated and exposed to P. aeruginosa (P = 0.2660). hsf-1 
RNAi animals were more susceptible to P. aeruginosa compared with vector RNAi controls 
(P < 0.005). (b) Wild-type or hsf-1(sy441) animals were grown on E. coli carrying a vector control 
and exposed to P. aeruginosa (P < 0.0001). (c) Wild-type animals grown on vector control or hsf-1 
double-stranded RNA were exposed to P. aeruginosa at 20  °C (P <  0.0001). (d) Wild-type or 
CF1824 (hsf-1 overexpression) animals were exposed to P. aeruginosa (P < 0.001). (e) Wild-type 
animals grown on E. coli carrying a vector control or expressing pmk-1 double-stranded RNA were 
exposed to P. aeruginosa (P < 0.0001). (F) hsf-1(sy441) animals grown on E. coli carrying a vector 
control or expressing pmk-1 double-stranded RNA were exposed to P. aeruginosa (P = 0.0023). 
For each condition, 80–200 animals were used
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Fig. 11.11 HSF-1 is required for immunity to Gram-negative and Gram-positive pathogens [40]. 
(a) Wild-type worms grown on E. coli carrying a vector control or on E. coli expressing hsf-1 
double-stranded RNA were exposed to Y. pestis KIM5 (P < 0.0001). daf-2(e1370) worms grown 
on E. coli carrying a vector control or on E. coli expressing hsf-1 double-stranded RNA were 
exposed to Y. pestis KIM5 (P < 0.001). (b) Wild-type worms grown on E. coli carrying a vector 
control or on E. coli expressing hsf-1 double-stranded RNA were exposed to S. enterica SL1344 
(P  <  0.0001). daf-2(e1370) worms grown on E. coli carrying a vector control or on E. coli 
expressing hsf-1 double-stranded RNA were exposed to S. enterica SL1344 (P < 0.0001). (c) Wild- 
type worms grown on E. coli carrying a vector control or on E. coli expressing hsf-1 double- 
stranded RNA were exposed to En. faecalis OG1RF (P < 0.0001). daf-2(e1370) worms grown on 
E. coli carrying a vector control or on E. coli expressing hsf-1 double-stranded RNA also were 
exposed to En. faecalis OG1RF (P < 0.0001). (d) HSF-1 activated by HS and the DAF-2_DAF-16 
pathway enhances C. elegans immunity. HSF-1 mediates protection via induction of Hsp90 and 
small HSPs in a PMK-1-independent manner

the increased temperature activated HSF-1 will enhance the innate immunity, and 
this HSF-1 defense response is mediated by the further induction of a system of 
chaperones.

11.4  Hypoxia Response Signaling

11.4.1  Molecular Signaling for Hypoxia Response

11.4.1.1  HIF-1 and EGL-9

hif-1 encodes a bHLH-PAS hypoxia-inducible transcription factor. During the 
response to hypoxia stress, a physical complex is formed, and this complex contains 
HIF-1 and AHA-1, which are encoded by C. homologs of hypoxia-inducible factor 
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(HIF) α and β subunits, respectively [41]. The expression of HIF-1:GFP could be 
highly induced by hypoxia and was subsequently reduced upon reoxygenation 
(Fig. 11.12) [41]. In addition, the subcellular localization of AHA-1 was disrupted 
in the hif-1 (ia04) mutant nematodes [41], suggesting that HIF-1 acts upstream of 
AHA-1 to regulate the hypoxia stress in a complex.

HIF-1 is a critical regulator for the responses to low oxygen levels. The hif-1 
mutant nematodes exhibited no adaptation to hypoxia stress, and the majority of 
hif-1-defective nematodes would die under these conditions (Fig. 11.13) [41, 42]. 
Additionally, it was found that some HIF-1 target genes could negatively regulate 
the formation of stress-resistant dauer larvae [42], suggesting the potential involve-
ment of HIF-1 in the regulation of other stresses in nematodes.

A summary for the basics molecular basis for the hypoxia response signaling is 
provided in Fig.  11.14 [42]. During the control of response to hypoxia stress, 
EGL-9/PHD modifies the HIF-1, thereby increasing its affinity for VHL-1/E3 ligase 
to target the HIF-1 for proteasomal degradation (Fig.  11.14) [42]. That is, the 
proteasomal degradation of HIF-1 is mediated by both the EGL-9 and the VHL-1 
(Fig. 11.14) [42]. Meanwhile, the expression of egl-9 could also be regulated by 
hif-1 mutation [42]. This suggests that the positive regulation of egl-9 transcription 
by HIF-1 will further help to maintain the EGL-9 activity when oxygen substrate is 

Fig. 11.12 HIF-1:GFP protein levels are increased by hypoxia [41]. The transgenic C. elegans 
strain pHJ06 Ex6, which expresses the complete HIF-1 protein fused to GFP, was harvested before 
(21% O2) and after incubation in 0.1% oxygen (upper) or 1% oxygen (lower) for 8 h. In each 
experiment, a fraction of the hypoxia-treated worms was reoxygenated for 10 min (ReOx). Worms 
were lysed by boiling in loading buffer, and equal amounts of total protein were loaded in each 
lane. The expression of HIF-1:GFP and AHA-1 was assayed by probing the immunoblot with a 
GFP-specific antibody and the AHA-1-specific mAb 10H8
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limiting, and a feedback loop will be activated to attenuate the HIF-1 activation 
(Fig.  11.14) [42]. In addition, the response to hypoxia is mediated by HIF-1- 
dependent or by HIF-1-independent pathway(s) (Fig.  11.14) [42]. HIF-1 can 
further positively regulate the expression of npc-1 and cam-1, regulators of dauer 
formation [42]. The increased expression in daf-16 is a common feature of both the 
hypoxia response and of the perturbations in insulin signaling pathway [42].

11.4.1.2  Aminoacyl-tRNA Synthetase RRT-1

rrt-1 encodes a arginyl-transfer RNA (tRNA) synthetase, an enzyme essential for 
protein translation. Mutation of RNAi knockdown of rrt-1 or other genes encoding 
the aminoacyl-tRNA synthetase could rescue the nematodes from the hypoxia- 
induced death [43]. More importantly, this hypoxia resistance was inversely corre-
lated with the protein translation rate [43]. The ER unfolded protein response (UPR) 
induced by hypoxia was required for the resistance of rrt-1 mutant nematodes to the 
hypoxia stress [43], suggesting that the translational suppression can induce the 
hypoxia resistance in part by reducing the unfolded protein toxicity in nematodes.

Fig. 11.13 Viability 
assays in normoxia (21% 
oxygen) and hypoxia 
(0.5% oxygen) [42]. 
Animals carrying strong 
loss-of-function mutations 
in downstream targets of 
HIF-1 were incubated in 
0.5% oxygen (hypoxia) or 
room air (normoxia) for 
24 h and then assayed for 
successful completion of 
embryogenesis (a) and 
survival to adulthood (b). 
Asterisks indicate that the 
viability of hypoxia-treated 
mutants is significantly 
lower than that of 
wild-type (WT)
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11.4.2  Regulation of Toxicity of Other Environmental 
Toxicants by HIF-1 and EGL-9

In nematodes, it was found that loss-of-function mutation of hif-1 promoted the 
resistance of nematodes to exogenous mitochondrial stressor ethidium bromide 
(EtBr) and suppressed the EtBr-induced ROS production (Fig. 11.15) [44]. Similarly, 
mutation of hif-1 also induced a resistance to high-glucose diets stress in reducing 
lifespan in nematodes [45]. During the control of EtBr toxicity, p38 MAPK signaling 
was identified as an indispensable factor for the survival against mitochondrial 
stress in hif-1 mutant nematodes [45].

Moreover, it was observed that mutation of hif-1 induced a susceptibility to pore- 
forming toxins (PFTs) toxicity in reducing the lifespan (Fig. 11.16) [46]. In contrast, 
the Cry21A PFT resistance was observed in egl-9 mutant nematodes (Fig. 11.16) 
[46]. In nematodes, the intestinal specific expression of egl-9 was sufficient to 
rescue the Cry21A PFT resistance [46]. Two of the downstream effectors of this 
pathway were identified, and they were nuclear receptor NHR-57- and XBP-1- 
mediated ER UPR signaling during the control of PFTs toxicity in nematodes.

Furthermore, it was found that mutation of hif-1 induced a susceptibility to 
pathogen infection, whereas mutation of egl-9 induced a resistance to pathogen 
infection (Fig.  11.17) [47]. Moreover, the HIF-1a was dispensable for the host 
defense gene induction, and SWAN-1-mediated noncanonical pathway inhibited 
this HIF-1 induced defense gene repression in nematodes [47].

Fig. 11.14 Models for 
hypoxia signaling and 
response [42]
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Fig. 11.15 hif-1 and djr-1.1 mutants are highly resistant to EtBr [44]. (a) hif-1 animals exposed to 
EtBr have no effect on fecundity over three generations, while wild-type worms showed a 
significant decrease in brood size. Brood size of N2 (wild-type), djr-1.1, and hif-1 animals in 
25 μg/mL EtBr were counted for three generations: F1, F2, and F3. Relative fecundity is measured 
as the number of progeny grown to adulthood on EtBr divided by the number of progeny grown to 
adulthood in the absence of EtBr and would include animals that arrest at the L3 stage. Animals 
with ruptured vulva were not counted. Asterisk marks denote significant difference of fecundity 
between P0 (normalized to 1.0) and the following generations for each strain (* denotes p < 0.05 
and ** p < 0.01) using one-way ANOVA. (b) Concentration dependence of EtBr. N2, hif-1, vhl-1, 
and djr-1.1 mutant animals (first generation) were grown on worm plates containing nematode 
growth media and various concentrations of EtBr (0, 25, 50, and 100 μg/mL). The number of 
worms that grew to adulthood was determined and plotted. To determine significant differences 
between strains, the data were subjected to two-way ANOVA comparing groups (different strains) 
over different concentrations of EtBr. All strains showed a significant difference compared to N2 
(***p < 0.001). (c–h) Growth of strains on EtBr. N2, djr-1.1 and hif-1 worms (as labeled) 4 days 
after egg-laying in plates containing either no EtBr (c, e, g) or 50 μg/mL EtBr (d, f, h)
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11.5  Perspectives

In this chapter, we selected three well-described response signals (heavy metal 
response, heat shock response, and hypoxia response) to discuss the question on the 
specificity of molecular signals in response to certain environmental toxicants or 
stresses in nematodes. Actually, there are still other relevant evidence on the study 
of UV irradiation, osmotic stress, etc. As introduced and discussed in this chapter, 
so far the obtained data in nematodes does not support the existence of specific 
molecular signals in response to certain environmental toxicants or stresses. The 
molecular basis for the response to heavy metal response, heat shock response, or 

Fig. 11.16 Quantitative 
response of egl-9 and 
HIF-1 pathway mutants to 
Cry PFTs [46]. (a) 
Schematic illustrating 
O2-dependent regulation of 
HIF-1 activity. The 
O2-dependent prolyl 
hydroxylation of HIF-1 by 
EGL-9/PHD increases its 
affinity to VHL-1, leading 
to ubiquitylation and 
destruction. (b, c) 
Dose-dependent mortality 
assays were performed 
using (b) Cry21A spore 
crystal lysates or (c) 
purified Cry5B to 
quantitatively compare 
sensitivities of wild-type 
N2, egl-9 mutants, and 
HIF-1 pathway mutants to 
PFTs. Each data point 
shows the mean and 
standard errors of the mean 
of results from three 
independent experiments 
(three wells per 
experiment; on average, 
180 animals per data 
point). Statistical 
differences between mutant 
strains and N2 are given 
for each concentration 
using P values represented 
by asterisks as follows: * 
P < 0.05; ** P < 0.01; *** 
P < 0.001

11.5 Perspectives



346

Fig. 11.17 egl-9 inactivation causes enhanced susceptibility to S. aureus-mediated killing [47]. 
(a) egl-9(sa307) animals exhibited enhanced susceptibility, whereas egl-9(sa307);hif-1(ia4) 
mutants exhibited near wild-type susceptibility. Survival analysis: egl-9 Kaplan–Meier median 
survival (MS) = 62 h, time to 50% death by nonlinear regression analysis (LT50) = 48.78 h, number 
of animals (N) = 142, p < 0.0001 (log-rank test, compared with wild-type); egl-9;hif-1 MS = 68 h, 
LT50 = 62.10 h, N = 122/2, p = 0.0030 (compared with wild-type). (b) vhl-1(ok161) and hif-1(ia4) 
animals exhibited near wild-type susceptibility. Survival analysis: wild-type MS  =  74  h, 
LT50 = 67.03 h, N = 117/5; vhl-1 MS = 62 h, LT50 = 61.86 h, N = 118, p < 0.0001 (compared with 
wild-type); hif-1 MS = 74 h, LT50 = 64.77 h, N = 136, p = 0.0943 (compared with wild-type). (c) 
egl-9(sa330) animals and (d) egl-9(ok478) animals exhibit wild-type susceptibility. (e) egl- 
9(n586ts) animals are hypersusceptible to S. aureus. Survival analysis: egl-9(sa307) MS = 43 h, 
N = 95/1, p < 0.0001 (compared with wild-type); egl-9;(n586ts) MS = 43 h, N = 96/15, p < 0.0001 
(compared with wild-type); wild-type MS  =  50  h, N  =  92/9. (f) Wild-type, egl-9(sa307);crp- 
1::egl-9 (Intestinal egl-9), and egl-9(sa307);crp-1::gfp (Intestinal gfp) animals show that intestinal 
expression of EGL-9, but not GFP, rescues the egl-9(sa307) enhanced susceptibility phenotype. 
Survival analysis: wild-type MS  =  70  h, N  =  108/7; Intestinal egl-9 MS  =  61  h, N  =  115/14, 
p < 0.0001 (compared with wild-type), p < 0.0001 (compared with Intestinal gfp); Intestinal gfp 
MS = 48 h, N = 102/3, p < 0.0001 (compared with wild-type). Results are representative of two 
independent trials, performed in triplicate. Animals were subjected to cdc-25 RNAi to prevent 
reproduction and subsequently transferred to S. aureus killing assay plates
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hypoxia response can also involve in the regulation of toxicity of other environmental 
toxicants or stresses under certain conditions. However, this also not means that the 
nematodes share the completely same molecular signaling pathways in response to 
different environmental toxicants or stresses. The further studies are suggested to 
focus on the definition of direct or primary molecular signals involved in the 
regulation of certain environmental toxicants or stresses in nematodes.
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Chapter 12
Epigenetic Regulation of Toxicity 
of Environmental Toxicants or Stresses

Abstract The epigenetic regulation mechanisms can provide us a possibility that a 
small set of molecules potentially govern many important molecular signaling 
pathways to regulate the biological processes. We here focused on the methylation, 
acetylation, microRNAs (miRNAs), and long noncoding RNAs (lncRNAs) to 
introduce and to discuss the contributions of epigenetic regulation to toxicity 
induction of environmental toxicants or stresses and the underlying mechanisms. 
These investigations may open a new window to understand the full story on the 
toxicity induction in nematodes exposed to environmental toxicants or stresses.

Keywords Methylation · Acetylation · MicroRNAs · Long noncoding RNAs · 
Environmental exposure · Caenorhabditis elegans

12.1  Introduction

Besides the important roles and functions of molecular signaling pathways encoded 
by genes, in recent years, the epigenetic control of toxicity of environmental 
toxicants or stresses has gradually received the attention. The epigenetic regulation 
can be formed and reflected by several forms, such as methylation, acetylation, and 
small RNA control. The epigenetic regulation mechanisms provide such a possibility 
that a small set of molecules can act upstream and govern many important molecular 
signaling pathways to regulate the toxicity of environmental toxicants or stresses.

In this chapter, we first introduced and discussed the contributions of methyla-
tion regulation and acetylation regulation to the toxicity induction of environmental 
toxicants or stresses and the underlying mechanisms. Moreover, we further 
introduced and discussed the roles of microRNAs (miRNAs) and long noncoding 
RNAs (lncRNAs) in regulating the toxicity of environmental toxicants and stresses 
and the underlying mechanisms. The investigations on the epigenetic regulation 
mechanisms open a new window for us to understand the possible full story on the 
toxicity induction in nematodes exposed to environmental toxicants or stresses.
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12.2  Methylation Regulation

12.2.1  Methylation of Histone H3K4

12.2.1.1  Function of ASH-2 Trithorax Complex

In nematodes, environmental pathogens, including the Pseudomonas aeruginosa, 
can potentially result in toxic effects on animals and even kill the animals [1–7]. E. 
coli OP50 is the normal food source for nematodes. Using P. aeruginosa PA4 and 
E. coli OP50, a preference choice model can be established [8]. In this preference 
choice model, it was found that the ADL sensory neurons regulated the preference 
choice by inhibiting function of a G protein-coupled receptor (GPCR)/SRH-220 
[8]. Moreover, the ADL sensory neurons regulated the preference choice through 
peptidergic signals of FLP-4 and NLP-10, and the function of FLP-4 or NLP-10 in 
regulating preference choice was under the regulation of GPCR SRH-220 [8]. The 
FLP-4 released from the ADL sensory neurons further affected the preference 
choice through its receptor of NPR-4 in the AIB interneurons [8].

In nematodes, ASH, WDR-5, and SET-2 constitute an ASH-2 trithorax complex, 
which trimethylates the histone H3K4. ASH-2 is a trithorax group protein, WDR-5 
is a WD40 repeat-containing protein, SET-2 is a histone H3 at lysine 4 (H3K4) 
methyltransferase, and RBR-2 is a H3K4 demethylase. In the AIB interneurons, 
NPR-4 regulated the preference choice by activating the function of SET-2 [8]. 
Mutation of set-2, ash-2, or wdr-5 caused the significant decrease in choice index; 
however, mutation of rbr-2 did not significantly affect the preference choice 
behavior (Fig. 12.1) [8], suggesting the involvement of ASH-2 trithorax complex in 
the control of preference choice behavior. In this ASH-2 trithorax complex, genetic 
interactions demonstrated that SET-2 functioned in the same pathway with ASH-2 
and WDR-5  in regulating the preference choice (Fig.  12.1) [8]. Additionally, 
expression of set-2, ash-2, or wdr-5 in AIB interneurons could rescue the deficit in 
preference choice in corresponding mutant nematodes [8]. Therefore, the GPCR 
NPR-4 is involved in the control of preference choice by activating the functions of 
ASH-2 trithorax complex consisting of SET-2, ASH-2, and WDR-5. These results 
also highlight the important function of the ASH-2 trithorax complex-mediated 
molecular machinery for trimethylation of histone H3K4 in the regulation of toxicity 
of environmental toxicants or stresses in nematodes.

12.2.1.2  S-Adenosyl Methionine (SAM) and SET-16-Mediated Complex

SAM, the sole methyl donor, modifies the molecules including the histones, and its 
fluctuation is associated with the variations in histone methylation. In nematodes, it 
was observed that RNAi knockdown of sams-1 encoding a SAM synthase resulted in 
the activation of innate immune genes and the constitutively activation of p38 MAPK 
signaling pathway under the normal conditions [9], suggesting that the low SAM can 
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activate or attenuate the innate immune response. Additionally, the innate immune 
activation was formed downstream of the phosphatidylcholine (PC) in the sams-
1(RNAi) nematodes [9]. Moreover, it was found that the sams-1(lof) mutant nema-
todes died rapidly after infection with Pseudomonas, and the failure of transcriptional 
response to Pseudomonas was observed in the sams-1(lof) mutant nematodes [9]. The 
analysis on the H3K4 methylation further demonstrated that the infection response 
genes could not cause the increase in histone methylation marks in sams-1(lof) mutant 
nematodes after Pseudomonas infection, and the low SAM restricted the H3K4me3, 
thereby limiting their expression in sams-1 mutant nematodes (Fig. 12.2) [9].

Fig. 12.1 SET-2 functioned together with ASH-2 and WDR-5 to regulate preference choice in 
nematodes [8]. (a) Preference choice phenotype in ash-2, wdr-5, or rbr-2 mutants. (b) Genetic 
interaction of SET-2 with ASH-2 or WDR-5 in regulating preference choice. (c) Leaving behavior 
from bacterial lawns and chemotaxis to OP50 in ash-2 or wdr-5 mutants. (d) The molecular signals 
regulating preference choice in the neuronal circuit of ADL sensory neuron-AIB interneuron. 
Sensory neurons are shown as triangles and interneurons as hexagons. Arrows indicate chemical 
synapses. Bars represent means ± S.E.M. **P < 0.01 vs N2
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Fig. 12.2 Infection response genes do not accumulate activating histone methylation marks in 
sams-1(lof) mutants exposed to Pseudomonas [9]. (a) H3K4me3 is diminished in nuclei of intesti-
nal cells after sams-1(RNAi) and in choline-treated sams-1(RNAi). Yellow bar shows 2 μm. 
(b) Quantitation of immunofluorescence showing an average of pixel intensity over the area for 
8–12 nuclei per sample. (c) Immunostaining comparing markers of active phosphorylated RNA 
polymerase II (Pol II PSer 5, PSer 2) with total Pol II (unP). (d) Other histone modifications associ-
ated with active transcription (H3K36me and H3K9ac) or with heterochromatin (H3K9me3) 
within intestinal nuclei in control or sams-1(RNAi) animals. (e–j) Chromatin immunoprecipitation 
comparing levels of H3K4me3 on infection response or control genes grown on E. coli (OP50) or 
Pseudomonas (PA14) in wild-type (WT) or sams-1(lof) mutants. Input levels were normalized to 
the WT E. coli value on the upstream primer pair. Numerical representation of primer location is 
based on translational start site. Legend in (j) refers to all images. Error bars show SD. Results 
from Student’s t-test shown by *<0.05, **<0.01, ***<0.005
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The H3K4 modification occurs through the action of methyltransferases with the 
functions in COMPASS methyltransferase complex. The nematodes contain the 
orthologs of catalytic COMPASS complex components such as set-2/SETD1A/
KMT2F/Set1 and set-16/MLL/KMT2A [10]. It was further found that the genes 
requiring set-16/MLL-dependent methylation were preferentially affected by SAM 
depletion during the transcriptional response to pathogen infection (Fig. 12.3) [9]. 
That is, the set-16/MLL was critical for the transcriptional response to pathogenic 
infection, and this response depended on the H3K4 methyltransferase set-16/MLL 
(Fig. 12.3) [9].

BLMP-1 is the BLIMP-1 ortholog. The BLMP-1 was necessary for controlling 
the histone methylation level in daf-7 mutant nematodes, and the BLMP-1 regulated 
the expression of SAMS-1 [11]. Therefore, BLMP-1 can further act upstream of 
SAMS-1 to regulate the histone methylation and the stress responses, such as the 
dauer formation.

12.2.1.3  The Possible Downstream Molecular Response After H3K4 
Trimethylation

In nematodes, it was observed that the chronic exposure to MeHg (10 μM) could 
cause the epigenetic landscape modifications of histone H3K4 trimethylation 
(H3K4me3) marks based on the chromatin immunoprecipitation sequencing (ChIP- 
seq) analysis (Fig. 12.4) [12]. These modifications corresponded to the locations of 
1467 upregulated genes and 508 downregulated genes [12]. The upregulated genes 
contain those encoding glutathione S-transferases, lipocalin-related protein, and a 
cuticular collagen (Fig.  12.4) [12]. Among these genes, RNAi knockdown of 
lipocalin-related protein gene lpr-5, which is involved in intercellular signaling, or 
cuticular collagen gene dpy-7, structural component of the cuticle, led to the 
increased lethality in nematodes exposed to MeHg [12].

12.2.2  Methylation of Histone H3K9

12.2.2.1  MET-2 and Nuclear Co-factor LIN-65

In nematodes, LIN-65 was identified as a new regulator for the activation of mito-
chondrial UPR response, because the neuronal polyglutamine expression could 
induce a lin-65 dependent activation of the mitochondrial UPR response [13]. 
Histone H3K9 methylation plays an important role in regulating the gene expression, 
and the histone H3K9 is methylated sequentially by methyltransferases MET-2/
SETDB1 and SET-25 in nematodes [14]. MET-2 potentially mono- and di-methylate 
the H3K9  in the cytoplasm, and the nuclear SET-25 acts as a trimethylation 
methyltransferase for the H3K9 [14]. It was further observed that the MET-2 was 
required for the LIN-65 nuclear accumulation induced by mitochondrial UPR 
response [13].

12.2 Methylation Regulation
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Fig. 12.3 set-16/MLL is important for expression of infection response genes upon Pseudomonas 
exposure [9]. (a) Immunostaining of intestinal nuclei with antibodies to H3K4me3 after RNAi of 
set-2 or set-16. Yellow bar shows 2  mm. (b) Quantitation of immunofluorescence showing an 
average of pixel intensity over area for 8–12 nuclei per sample. Requirement for set-2/SET1 (b–d) 
or set-16/MLL (e–h) for induction of infection response genes upon a 6 h exposure to PA14 
compared to E. coli (HT115). Error bars show SD. Results from Student’s t-test shown by *<0.05, 
**<0.01, ***<0.005
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In nematodes, the full activation of mitochondrial UPR required both the remod-
eling of chromatin and the di-methylation of histone H3K9 (Fig.  12.5) [13]. 
Additionally, the global chromatin reorganization induced by mitochondrial stress 
was dependent on both MET-2 and LIN-65 (Fig. 12.5) [13], suggesting that lin-65 
and met-2 are required for the regulation of transcriptional response to mitochondrial 
stress and chromatin reorganization induced by mitochondrial stress in nematodes.

In nematodes, the full induction of mitochondrial UPR response requires the 
nuclear localization of transcription factor DVE-1 and co-factor UBL-5, as well as 
the activity of protease CLPP-1. The nuclear localization of LIN-65 was further 
found to be partially dependent on CLPP-1/DVE-1 and independent of ATFS-1 

Fig. 12.4 ChIP-seq and RNA-seq in control treated and MeHg-treated animals [12]. (a) ChIP-seq 
peaks were identified using H3K4Me3 antibody or input DNA as a control. MeHg treatment 
increased H3K4me3 signals in genes gst-5, gst-38. (b) Peaks from lpr-5 and dpy-7 genes. ChIP- 
Seq data (lines 1–3) and the corresponding genes were compared with RNA-Seq data (lines 4–5). 
Gene structure is shown at the bottom. Images were generated by Integrated Genome Viewer 2.3
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Fig. 12.5 Mitochondrial stress-induced chromatin reorganization [13]. (a) Representative maxi-
mal intensity projection images of H3K9me2 immunostaining of intestinal nuclei in Day 1  
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[13]. Meanwhile, the H3K9me2 was required for the mitochondrial stress-induced 
DVE-1 nuclear puncta formation [13]. Based on the so far obtained data, a model 
for the epigenetic regulation of mitochondrial UPR response was summarized in 
Fig. 12.6 [13].

12.2.2.2  JMJD-1.2 and JMJD-3.1

In nematodes, JMJD-1.2, a member of the KDM7 family, is a demethylase toward 
lysine residues on histone 3 (H3). The jmjd-1.2 potentially controlled the level of 
histone 3 lysine 9, lysine 23, and lysine 27 di-methylation (H3K9/K23/K27me2) 
[15]. Moreover, it was found that mutation of jmjd-1.2 induced a susceptibility to 
replication stress (Fig.  12.7) [15]. The progeny of jmjd-1.2 mutant nematodes 
exposed to hydroxyurea showed an increased embryonic lethality and an increased 
mutational rate compared to those in wild-type nematodes (Fig. 12.7) [15].

Moreover, both JMJD-1.2 and JMJD-3.1, two histone lysine demethylases, were 
identified to be required for the induction of mitochondrial UPR response [16]. 
Reduction of function of JMJD-1.2 or JMJD-3.1 suppressed the longevity and 
mitochondrial UPR induction, whereas the overexpression of jmjd-1.2 or jmjd-3.1 
was sufficient for the lifespan extension and the mitochondrial UPR induction in 
nematodes [16].

12.2.3  Methylation of HIS-24K14

HIS-24 is a linker histone (H1) variant, and HPL-1 and HPL-2 are heterochromatin 
protein 1 (HP1)-like proteins. These proteins are essential components of 
heterochromatin and contribute to the transcriptional repression of genes. In 
nematodes, it was observed that pathogen infection could increase the cellular levels 
of HIS-24K14me1 [17]. Meanwhile, the HIS-24K14me1 localization was changed 
from being mostly nuclear to both nuclear and cytoplasmic in intestinal cells by 

Fig. 12.5 (continued) adult WT, met-2 or lin-65 mutant animals grown on EV or cco-1 RNAi from 
hatch (as indicated). H3K9me2 (red); DAPI (gray). Scale bar represents 10 μm. (b) Quantification 
of H3K9me2 level. The genotypes and treatments are as in (a). H3K9me2 intensity is normalized 
to DAPI intensity. (*** denotes p < 0.0001; ns denotes p > 0.05 via t-test, error bars indicate SEM, 
n ≥ 15 nuclei). (c) Representative of three center images of DAPI staining with lmn-1p::emr-1::gfp 
of intestinal nuclei in Day 1 adult animals grown on EV or cco-1 RNAi from hatch as indicated. 
lmn-1p::emr- 1::gfp (green); DAPI (gray). Scale bar represents 10 μm. (d) Quantification of the 
intestinal nuclear size at Day 1 adulthood using lmn-1p::emr-1::gfp as a marker. Animals grown 
on EV or cco-1 RNAi from hatch (*** denotes p < 0.0001 via t-test, error bars indicate SEM, 
n ≥ 20 nuclei). (e) Quantification of the distribution of DAPI staining signal in intestinal nuclei at 
Day 1 of adulthood in animals grown on EV or cco-1 RNAi from hatch. The distributions of frac-
tions from the top four bins are shown as boxplots. (*** denotes p < 0.0001 via Mann–Whitney 
test, error bars indicate SEM, n ≥ 25 nuclei)
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Fig. 12.6 Model for mitochondrial stress signaling pathway [13]. (a) Under non-stressed condi-
tions, MET-2 produces H3K9me1/2 histone subunits in the cytoplasm. ATFS-1 translocates to the 
mitochondria and is degraded. DVE-1 and LIN-65 do not accumulate in the nucleus, and the UPRmt 
is not induced, animals are normal lived, and the nucleus is not compacted. (b) During mitochon-
drial stress, MET-2 continues to produce H3K9me2 histone subunits, ATFS-1 now translocates to 
the nucleus to induce UPRmt. DVE-1 and LIN-65 accumulate in the nucleus. Animals are long-
lived, the UPRmt is induced, nuclei become compacted, and H3K9me2 levels remain unchanged. 
(c) Loss of met-2 during mitochondrial stress results in reduced nuclear H3K9me2 levels, nuclei 
that are less compacted, reduced DVE-1 and LIN-65 nuclear accumulation, reduced UPRmt induc-
tion and partial suppression of increased lifespan. (d) Loss of lin-65 during mitochondrial stress 
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pathogen infection [17]. Moreover, HIS-24 recruited the HPL proteins to the pro-
moters of genes involved in the defense response against the pathogen infection 
[17]. The HPL-1 was further found to interact with the HIS-24 monomethylated at 
the lysine 14 (HIS-24K14me1) [17].

12.2.4  Methylated Glycans

The tectonin 2 of the mushroom Laccaria bicolor (Lb-Tec2) has been shown to 
agglutinate the Gram-negative bacteria and to exert the toxicity toward nematodes 
[18]. Additionally, both the bacterial agglutination and the Lb-Tec2 depended on the 
recognition of methylated glycans (O-methylated mannose and fucose residues) as 
part of bacterial lipopolysaccharide (LPS) and cell-surface glycans in nematodes 
(Fig. 12.8) [18]. Moreover, the Lb-Tec2 was toxic for nematodes, and this toxicity 
formation depended on the binding to N-glycans (Fig.  12.8) [18]. SAMT-1, a 
membrane transport protein for presumptive donor substrate of glycan methylation 
from cytoplasm to Golgi, was identified to be required for the regulation of Lb-Tec2 
toxicity, and mutation of samt-1 induced a Lb-Tec2 resistance in nematodes [18].

12.3  Histone Acetylation Regulation

12.3.1  MYST Family Histone Acetyltransferase Complex

The MYST family histone acetyltransferase complex contains MYS-1 and TRR-1. 
Both MYS-1 and TRR-1 were found to promote rather than inhibit the stress 
resistance and the longevity in nematodes (Fig. 12.9) [19]. Both single mutants and 
double mutants of mys-1 and trr-1 were resistant to environmental stress (Fig. 12.9) 
[19]. Mutation of mys-1 or trr-1 suppressed the induction of sod-3 induced by 
environmental stress (Fig.  12.9) [19]. Under the stress conditions, mutation of 

Fig. 12.6 (continued) results in reduced nuclear H3K9me2 levels, nuclei that are less compacted, 
reduced DVE-1 nuclear accumulation, reduced UPRmt induction, and partial suppression of 
increased lifespan. (e) Loss of atfs-1 during mitochondrial stress results in suppressed UPRmt 
induction and partial suppression of lifespan extension. This is independent of compacted nuclei 
and nuclear accumulation of DVE-1 and LIN-65. (f) Loss of both met-2 and atfs-1 during mito-
chondrial stress results in nuclei that are less compacted, reduced nuclear accumulation of DVE-1 
and LIN-65, no UPRmt induction, and complete suppression of lifespan extension. (g) During mito-
chondrial stress, LIN-65 and DVE-1 accumulate in the nucleus, chromatin becomes remodeled, 
and DVE-1 is able to form puncta at the loose regions of the chromatin, activating transcription of 
UPRmt targets. This remodeling works in parallel to the relocation of mitochondrial- specific tran-
scription factor ATFS-1 to initiate UPRmt and regulate longevity
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mys- 1 or trr-1 suppressed the resistance of daf-2 mutant nematodes to environmen-
tal stress (Fig. 12.9) [19], suggesting that MYS-1 and TRR-1 act downstream of 
DAF-2 to regulate the toxicity of environmental toxicants or stresses.

The beneficial effects of MYS-1 and TRR-1 were largely mediated through the 
transcriptional upregulation of FOXO transcription factor DAF-16 and its targets 
[19]. More importantly, it was found that MYS-1 and TRR-1 could be recruited to 
the promoter regions of daf-16, where they functioned in the histone acetylation, 
including the H4K16 acetylation (Fig. 12.10) [19].

Fig. 12.7 jmjd-1.2 mutants have increased mutational rate after HU [15]. (a) Quantification of the 
percentage of abnormalities identified in F2 progeny derived from animals of indicated genotypes 
exposed to HU (25 mM, 16 h). The percentage of F2 abnormalities was determined based on the 
number of plates that had at least one F2 abnormal animal. (b) Representative images of jmjd-1.2 
F2 progeny derived from animals exposed to HU (25 mM, 16 h). Dpy, dumpy; ste, sterile; sma, 
small; vab, organism morphology variant; egl d, egg-laying defective. A wild-type animal (N2) is 
shown, for comparison. (c) Quantification of the percentage of lacZ-positive animals in F1 
generation after parental HU treatment (25  mM, 16  h). N2 and jmjd-1.2(tm3713) carrying the 
pkIs1604 transgene are used. (d) Representative images of the F1 generation after parental HU 
treatment, (25  mM, 16  h) stained by X-gal. N2 and jmjd-1.2(tm3713), carrying the pkIs1604 
transgene, are shown. A magnification of a lacZ-positive animal is shown. In (a and c) the graphics 
show the average of two independent experiments, and data are presented as mean ± SD. *p ≤ 0.05, 
****p ≤ 0.0001, with χ2 test. Scale bars, 100 μm
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Fig. 12.8 Carbohydrate- 
binding- dependent toxicity 
of Lb-Tec2 toward C. 
elegans [18]. (a) 
Development of C. elegans 
wild-type (N2) and various 
glycosylation mutants 
feeding on Lb-Tec2- 
expressing E. coli (dark 
gray) or empty pET24 
vector containing E. coli 
(light gray) (n = 5). Error 
bars indicate 
SD. Comparisons between 
Lb-Tec2 and vector control 
for each C. elegans strain 
were performed using the 
Mann–Whitney U test 
(**P < 0.01). (b) 
Development of C. elegans 
pmk-1(km25) strain 
(wild-type) and various 
glycosylation mutants with 
pmk-1(km25) background 
feeding on Lb-Tec2- 
expressing E. coli (dark 
gray) or empty pET24 
vector containing E. coli 
(light gray) (n = 5). Error 
bars indicate 
SD. Comparisons between 
Lb-Tec2 and vector control 
for each C. elegans strain 
were performed using the 
Mann–Whitney U test 
(**P < 0.01). (c) Binding 
of TAMRA–Lb-Tec2 to the 
cuticle of C. elegans 
pmk-1(km25) (WT) and 
samt-1(op532)pmk- 
1(km25) (samt-1) at lower 
(upper) and higher 
magnification (lower). 
(Scale bars, 60 μm)
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Fig. 12.9 The MYS-1 HAT complex regulates longevity and oxidative stress resistance [19]. (a) 
Survival curves of the indicated RNAi-treated N2 worms under AL and IF are shown [control 
RNAi, n = 117 (AL), 98 (IF); trr-1 RNAi, n = 117 (AL), 107 (IF); mys-1 RNAi, n = 118 (AL), 104 
(IF); trr-1;mys-1 RNAi, n = 111 (AL), 106 (IF)]. The bars represent the mean lifespan of three 
independent experiments. n, total number of worms in three independent experiments. Error bars, 
SD. ***P  <  0.001, n.s. not significant; one-way ANOVA followed by Tukey’s test. (b) 
Immunoprecipitates with anti-Tip60/MYS-1 antibody from extracts of the indicated RNAi-treated 
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12.3.2  N-Terminal Acetyltransferase C (NAT) Complex

In nematodes, natc-1 encodes a N-a-acetyltransferase 35, an auxiliary subunit of the 
N-terminal acetyltransferase C (NAT) complex. NATC-1 is expressed in many cells 
and tissues and localizes to the cytoplasm [20]. The natc-1(am138) mutant nema-
todes showed a zinc resistance in multiple genetic backgrounds [20]. Additionally, 
loss-of-function mutations in natc-1 caused the resistance to a broad spectrum of 
stressors, including heat stress and oxidation stress [20]. DAF-16 was predicted to 
directly bind the natc-1 promoter, and the natc-1 mRNA levels were suppressed by 
DAF-16 activity (Fig. 12.11) [20], indicating that NATC-1 is a physiological target 
of DAF-16. natc-1 was epistatic to daf-16 in resistance to both the heat stress and 
the zinc stress [20]. That is, NATC-1 functions downstream of insulin/IGF-1 signal-
ing pathway to regulate the toxicity of environmental toxicants or stresses in 
nematodes.

12.3.3  CBP-1

In nematodes, the sirtuin SIR-2.4 can promote the DAF-16–dependent transcription 
and the stress-induced DAF-16 nuclear localization. It was further observed that the 
DAF-16 was hyperacetylated in the sir-2.4 mutants [21]. SIR-2.4 regulated both the 
acetylation and the localization of DAF-16 independently of its catalytic function 
(Fig.  12.12) [21]. Additionally, SIR-2.4 blocked the acetyltransferase CBP1- 
dependent DAF-16 acetylation, since DAF-16 was acetylated by CBP-1 and 

Fig. 12.9 (continued) N2 worms at day 2 adulthood were subjected to immunoblot analysis using 
anti-TRR-1 antibody. Representative images of two independent experiments are shown. (c) 
Survival curves of the indicated RNAi-treated daf-2(e1370) mutants (left) or daf-16(mu86) mutants 
(right) under AL are shown [daf-2(e1370) mutants n = 180 (control RNAi), 180 (trr-1RNAi), 180 
(mys-1RNAi); daf- 16(mu86) mutants n = 178 (control RNAi), 180 (trr-1RNAi), 180 (mys-1RNAi)]. 
The bars represent the mean lifespan from three independent experiments. n, total number of 
worms in three independent experiments. Error bars, SD ***P < 0.001, one-way ANOVA followed 
by Tukey’s test. (d) Survival curves of the indicated RNAi-treated N2 worms or daf-2(e1370) 
mutants, which were exposed to 5 mM hydrogen peroxide (H2O2) [N2 worms n = 180 (control 
RNAi), 180 (trr- 1RNAi), 180 (mys-1RNAi); daf-2(e1370) mutants n = 180 (control RNAi), 180 
(trr-1RNAi), 180 (mys-1RNAi)] or 250 mM paraquat [N2 worms n = 128 (control RNAi), 128 
(trr-1RNAi), 128 (mys-1RNAi); daf-2(e1370) mutants n = 90 (control RNAi), 90 (trr-1RNAi), 90 
(mys-1RNAi)] at the young adult stage, are shown. The number of surviving worms was counted 
every hour. Error bars represent the SD derived from three independent experiments. n, total num-
ber of worms in three independent experiments. (e) Indicated RNAi-treated N2 worms at the 
young adult stage were exposed to 5 mM H2O2 for 30 min, and sod-3 mRNA expression levels 
were determined by qRT–PCR. The value of the control RNAi-treated N2 worms (0 mM H2O2) 
was set to 1. Error bars represent the SD derived from three independent experiments. *P < 0.05, 
**P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey’s test
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Fig. 12.10 The MYS-1 HAT complex is recruited to the daf-16 promoter region and contributes 
to histone acetylation [19]. (a) Whole-worm lysates isolated from the indicated RNAi-treated N2 
worms at day 2 adulthood were subjected to immunoblot analysis using the indicated antibodies. 
Representative images of three independent experiments are shown. (b) MYS-1 binding was 
examined by ChIP–PCR using cross-linked DNA–protein complexes isolated from the indicated 
RNAi-treated N2 worms at day 2 adulthood with anti-Tip60/MYS-1 and control IgG antibody. 
PCR amplification was done with specific primers for the daf-16 promoter region and the daf-16 
3′UTR. Representative images of two independent experiments are shown. Genomic DNA in the 
input samples was used as a positive control. (c) MYS-1 binding and histone H4K16 acetylation 
status were examined by ChIP–qPCR using cross-linked DNA–protein complexes isolated from 
the indicated RNAi-treated N2 worms at day 2 adulthood with anti-Tip60/MYS-1, anti-AcH4K16, 
and control IgG antibody. The bars represent the percentage of total input DNA for each ChIP 
sample, and error bars represent the SD derived from three independent experiments. **P < 0.01, 
***P < 0.001, one-way ANOVA followed by Tukey’s test
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DAF- 16 was hypoacetylated and constitutively nuclear in response to cbp-1 inhibi-
tion (Fig. 12.12) [21]. The in vitro assay further suggested that SIR-2.4 regulated 
the DAF-16 acetylation indirectly by preventing the CBP-1-mediated acetylation 
under the stress conditions [21]. Therefore, a novel role for acetylation in modulat-
ing DAF-16 localization and function was revealed, and this acetylation was modu-
lated by the antagonistic activities of CBP-1 and SIR-2.4 in nematodes.

Fig. 12.11 natc-1 is regulated by daf-16 and functions in dauer formation [20]. (a) A model of the 
natc-1 promoter and open reading frame showing DAF-16 protein binding an evolutionarily 
conserved DAF-16 binding site positioned 90 base pairs upstream of the natc-1 start codon. (b) 
Wild-type, daf-2(e1370), and daf-16(mu86);daf-2(e1370) animals were synchronized at the L1 
stage of development and cultured for 2 days at 20 °C on NGM. For each genotype, mRNA was 
extracted, analyzed by qRT–PCR, and natc-1 mRNA levels were normalized to the control gene 
rps-23. Bars show mRNA fold-change values calculated by comparing daf-2 and daf-16; daf-2 to 
WT by the comparative CT method (N = 4–6 biological replicates). Error bars indicate standard 
deviation. natc-1 mRNA levels were significantly reduced in daf-2(e1370) animals compared to 
WT but were not significantly different from WT in daf-16;daf-2 animals (*, p < 0.05). The mtl-1 
gene was utilized as a positive control, since it is an established target of DAF-16, and mtl-1 
mRNA levels were significantly increased in daf-2(e1370) compared to WT (p < 05), and this 
effect was daf-16 dependent (p < 0.05). (C) daf-2(e1370), natc-1(am138), and daf-2(e1370);natc- 
1(am138) embryos were cultured for 4 days on NGM at the indicated temperature and scored as 
either dauer or non-dauer (N = 200–341). Values for daf-2;natc-1 were significantly higher than 
daf-2 at 17.5 °C, 20 °C, and 22.5 °C (*p < 0.05). (d) daf-2(e1370) embryos were cultured on NGM 
at 20 °C, fed E. coli expressing dsRNA targeting natc-1, natc-2, or an empty vector control and 
scored as dauer or non-dauer after 4 days (N = 590–627). natc-1 and natc-2 RNAi significantly 
increased dauer formation compared to control (*p < 0.05)
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12.4  miRNA Regulation

12.4.1  Dysregulated miRNAs by Environmental Toxicants or 
Stresses

It has been recognized that some engineered nanomaterials (ENMs) can potentially 
cause the toxicity on organisms, including the nematodes [22–30]. The dysregulated 
miRNAs have been systematically identified in nematodes exposed to certain ENMs 
[31, 32]. The dysregulated miRNAs have also been examined and identified in 
nematodes exposed to other toxicants or stresses [33–35]. With graphene oxide 
(GO), a carbon-based ENM, as an example, it was observed that GO (10 mg/L) 

Fig. 12.12 SIR-2.4 interacts with DAF-16 and promotes DAF-16 deacetylation and function inde-
pendently of catalytic activity [21]. (a) sir-2.4 deletion promotes DAF-16 hyperacetylation. DAF-
16 acetylation was assessed in control or sir-2.4 KO worms by acetyl-lysine immunoprecipitation 
followed by GFP immunoblot. (b) SIR-2.4 and DAF-16 interact. Plasmids encoding FLAG-tagged 
SIR-2.4 and HA-tagged DAF-16 were transfected into 293T cells as indicated (GFP, negative 
control). Immunoprecipitation and immunoblotting were performed as shown. (c) Rescue of DAF-
16 nuclear localization with a catalysis-defective sir-2.4 mutant. Stable transgenic strains of sir-
2.4(n5137) were generated expressing either wild-type SIR-2.4 or the sir- 2.4 N124A mutant. 
Worms were scored for GFP accumulation within the head hypodermic nuclei as day 1 adult 
(n = 50 or greater) after 20 min of heat-shock at 35 °C. P-values were calculated by Pearson’s χ2 
test
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exposure induced 31 dysregulated expressed miRNAs (23 upregulated miRNAs and 
8 downregulated miRNAs) (Fig. 12.13) [31].

Based on gene ontology analysis, these dysregulated miRNAs were associated 
with some important biological processes (such as cell metabolism, immune 
response, response to stimulus, cell communication, cell cycle, cell adhesion, 
reproduction, and development) in GO-exposed nematodes (Fig. 12.14) [31]. Based 
on KEGG pathway analysis, these dysregulated miRNAs were associated with 
some important signaling pathways (such as those related to cell metabolism, 
immune response, vesicle transportation, DNA damage and repair, oxidative stress 
response, transcription regulation, neuronal degeneration, cell death, cell cycle, and 
development) in GO-exposed nematodes (Fig.  12.14) [31]. These bioinformatics 
analysis data provide important clues for the further elucidation of the underlying 
mechanisms for GO toxicity induction in nematodes.

Among these dysregulated miRNAs, mir-244 of mir-235 mutation could induce 
a susceptibility to GO toxicity, whereas mir-247/797, mir-73/74, or mir-231 
mutation could induce a resistance to GO toxicity [31]. In contrast, mutation of mir- 
360, mir-81/82, mir-246, or mir-259 did not obviously affect the GO toxicity in 
reducing lifespan in nematodes [31].

12.4.2  Functions of miRNAs in Response to Environmental 
Toxicants or Stresses and the Underlying Molecular 
Mechanisms

The important function of let-7 in the regulation of toxicity of environmental toxi-
cants or stresses has been introduced and discussed in Chap. 6. We further intro-
duced and discussed the important functions of other miRNAs in response to 
environmental toxicants or stresses and the underlying molecular mechanisms.

12.4.2.1  Biological Function of mir-73

In C. elegans, SEK-1, a mitogen-activated protein kinase kinase (MAPKK), is an 
important member of the p38 MAPK signaling pathway. Using locomotion behavior 
as the toxicity assessment endpoint, mutation of mir-73 induced a resistance to GO 
toxicity, and mutation of sek-1 induced a susceptibility to GO toxicity (Fig. 12.15) 
[36]. Moreover, it was found that sek-1 mutation could inhibit the resistance of mir- 
73 mutant to GO toxicity (Fig. 12.15) [36], implying the role of SEK-1 as target of 
mir-73 in regulating GO toxicity. mir-73 expression could be decreased by GO 
exposure [36], suggesting the alteration in mir-73 expression mediates a protective 
response to GO exposure.
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Fig. 12.13 Results of SOLiD sequencing for GO exposure [31]. (a) miRNA gene expression 
analysis by hierarchical clustering assay to reveal a characteristic molecular signature for GO 
(10 mg/L)-exposed nematodes. (b) Scatter diagram of miRNA coverage of the control group and 
GO treatment group. (c) Fold changes of up- and downregulated miRNAs in GO (10 mg/L)-exposed 
nematodes. (d) Expression pattern of mature miRNAs detected by real-time PCR after exposure to 
different concentrations of GO. Bars represent means ± S.E.M
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Fig. 12.14 Assessment of gene ontology terms and signal pathways [31]. (a) Gene ontology terms 
with gene counts based on dysregulated miRNAs in GO-exposed nematodes. (b) The predicted 
KEGG signal pathways based on dysregulated miRNAs in GO-exposed nematodes

Fig. 12.15 Genetic interaction of mir-73 and sek-1 in regulating GO toxicity on locomotion 
behavior in nematodes [36]. Bars represent the mean ± S.E.M. **P < 0.01 vs wild-type N2. GO 
(10 mg/L) was exposed from L1-larvae to adult day 1
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12.4.2.2  Biological Function of mir-84 and mir-241

In nematodes, the nuclear receptor DAF-12 negatively regulated the defense against 
pathogens, because mutation of daf-12 induced a resistance to pathogen infection 
and enhanced the expressions of antimicrobial gene expression [37]. Mutation of 
nsy-1 or pmk-1 suppressed the resistance of daf-12 mutant nematodes to pathogen 
infection [37], suggesting that the DAF-12 acts upstream of p38 MAPK signaling 
pathway to regulate the innate immune response to pathogen infection. mir-84 and 
mir-241 are members of let-7 family. Mutation of daf-12 decreased the expression 
of mir-84 and mir-241 after pathogen infection, and mutation of mir-84 or mir-241 
induced a resistance to pathogen infection [37]. Moreover, SKN-1 was identified as 
a direct functional target of let-7s miRNAs (mir-84 and mir-241), and mutation of 
skn-1 suppressed the resistance of mir-84 or mir-241 mutant nematodes to pathogen 
infection (Fig. 12.16) [37], indicating that mir-84 and mir-241 regulate the innate 
immunity by suppressing the expression and function of their target SKN-1  in 
nematodes.

12.4.2.3  Biological Function of mir-231

In nematodes, mir-231 acted in the intestine to regulate GO toxicity [38]. 
Additionally, nematodes overexpressing intestinal mir-231 showed a susceptibility 
to GO toxicity [37]. smk-1, a predict targeted gene of mir-231, encodes a homolog 
of SMEK (suppressor of MEK null) protein. After GO exposure, mir-231 mutation 
increased smk-1 expression [38]. mir-231 mutants showed a susceptibility to GO 
toxicity [38]. Genetic analysis has indicated that smk-1 mutation could inhibit the 
resistance of mir-231(n4571) mutants to GO toxicity (Fig. 12.17) [38].

SMK-1 acted in the intestine to regulate GO toxicity, and DAF-16 further acted 
as a downstream target of SMK-1 during the regulation of GO toxicity [38]. That is, 
an intestinal signaling cascade (mir-231-SMK-1-DAF-16) was formed during the 
control of GO toxicity. mir-231 expression could be deceased by GO exposure [31], 
suggesting that the alteration in mir-231 expression mediates a protective response 
to GO exposure in nematodes.

12.4.2.4  Biological Function of mir-233

In nematodes, P. aeruginosa infection upregulated the expression of mir-233 [39]. 
Meanwhile, the mir-233 mutant nematodes were more sensitive to P. aeruginosa 
infection [39]. SCA-1, a homolog of sarco-/endoplasmic reticulum Ca2+-ATPase, 
was identified as a target of mir-233 during the control of innate immune response 
to pathogen infection (Fig. 12.18) [39]. During the P. aeruginosa PA14 infection, 
mir-233 repressed the protein levels of SCA-1, which might in turn lead to the 
activation of XBP-1-mediated ER UPR response, since the mir-233 was required 
for the activation of ER UPR (Fig. 12.18) [39]. RNAi knockdown of sca-1 caused 
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Fig. 12.16 SKN-1 is a direct functional target of let-7s miRNAs [37]. (a) Bioinformatics align-
ment of let-7s miRNAs and the 3′UTR of SKN-1. (b) Luciferase assays using the skn-1 3′UTR or 
the skn-1 3′UTR (mut) with let-7s mimics in HEK293T cells. The data shown are the mean ± SEM 
of three independent experiments, each of which was performed in triplicate, *P  <  0.05. (c) 
Immunoblot analysis of the lysates from N2, daf-12(RNAi), mir-84(n4037), and mir-241(n4316) 
worms on E. coli or P. aeruginosa using anti-SKN-1 antibody and anti-tubulin antibody (loading 
control)
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Fig. 12.17 Genetic interaction between mir-231 and SMK-1 in regulating GO toxicity in nema-
todes [38]. (a) Genetic interaction between mir-231 and SMK-1 in regulating GO toxicity in reduc-
ing lifespan. (b) Genetic interaction between mir-231 and SMK-1  in regulating GO toxicity in 
decreasing locomotion behavior. (c) Genetic interaction between mir-231 and SMK-1 in regulating 
GO toxicity in inducing intestinal ROS production. GO exposure concentration was 
100 mg/L. Prolonged exposure was performed from L1-larvae to young adults. Bars represent 
means ± SD. **P < 0.01 vs N2 (if not specially indicated)
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Fig. 12.18 sca-1 is a target gene of mir-233 [39]. (a) Complementarity between the 3′ UTR of 
sca-1 gene and mir-233. mir-233 is presented in the form of DNA from 39 to 59 end. WT seeds are 
marked in red, mutated seeds in blue, Watson–Crick base pairing with a straight line and U-G 
wobbles with a dotted line. For constructing of sca-1-3′UTR (mut) reporter, the putative mir-233 
binding site was replaced with an oligonucleotide containing the exact complementary sequence 
of mir-233. (b) The protein levels of SCA-1 were determined by Western blotting at 8 h after PA14 
infection. The blot is typical of three independent experiments. P < 0.05, mir-233(+) (wild-type 
worms)+PA14 versus mir-233(+)+OP50; P  <  0.01, mir-233(−) (mir-233(n4761) mutant 
worms)+PA14 versus mir-233(+)+PA14; mir-233(+)+OP50+sca-1 RNAi versus mir- 
233(+)+OP50. (c) Deletion of mir-233 did not affect the mRNA levels of sca-1. (d) Fluorescence 
images of the sca-1-3′ UTR GFP reporter in worms grown on E. coli OP50 or P. aeruginosa PA14. 
Mutagenesis of the putative binding site for mir-233 in the sca-1-3′UTR led to depression of the 
GFP expression in mir-233(+) worms after PA14 infection. Meanwhile, the GFP expression was 
significantly higher in mir-233 worms than that in mir-233(+) worms after PA14 infection. The 
lower panel shows quantification of GFP/mCherry ratio. The data are expressed as percent of 
control (the “wt” construct on OP50). aP < 0.01 versus mir-233(+)+wt on OP50; bP < 0.01 versus 
mir-233(+)+wt on PA14
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the enhanced resistance to the killing by P. aeruginosa and suppressed the suscepti-
bility of mir-233 mutant nematodes to pathogen infection [39]. The mir-233/SCA-1 
signaling cascade was further found to act downstream of p38 MAPK signaling to 
activate the ER UPR and to regulate the innate immunity in nematodes [39].

12.4.2.5  Biological Function of mir-247

In nematodes, GO exposure could increase the expression of mir-247, and the mir- 
247/797 mutant nematodes showed a resistance to GO toxicity on lifespan and 
aging-related phenotypes [31]. Moreover, it was found that the mir-247 acted in 
neurons, but not in pharynx, to regulate the GO toxicity in reducing lifespan and in 
inducing intestinal ROS production (Fig.  12.19) [40]. In contrast, the neuronal 
overexpression of mir-247 induced a susceptibility to GO toxicity in reducing 
lifespan and in inducing intestinal ROS production [40]. Furthermore, the significant 
increase in mir-247 could be detected in wild-type nematodes exposed to GO at 
concentrations of more than 10 mg/L, and the GO toxicity in a transgenic strain 
overexpressing neuronal mir-247 after exposure to GO at concentrations of more 
than 10 μg/L was observed [40]. This implies the potential of mir-247 in warning of 
the GO toxicity in the range of μg/L.

12.4.2.6  Biological Function of mir-259

Multiwalled carbon nanotubes (MWCNTs) exposure could increase the expression 
of mir-259 [32], and MWCNTs exposure induced an increase in mir-259::GFP in 
pharyngeal/intestinal valve and reproductive tract [41]. Meanwhile, mutation of 
mir-259 induced a susceptibility to MWCNTs toxicity [32], implying that mir-259 
mediates a protection mechanism for nematodes against the MWCNTs toxicity. The 
expression of mir-259 in pharynx/intestinal valve could suppress the susceptibility 
of mir-259(n4106) mutant nematodes to MWCNTs toxicity on lifespan, suggesting 
that mir-259 acts in the pharynx/intestinal valve to regulate the MWCNTs toxicity 
[41]. RSKS-1, a putative ribosomal protein S6 kinase, was identified as a target of 
mir-259 in regulating the MWCNTs toxicity, and the rsks-1(ok1255) mutant 
nematodes had a resistance to the MWCNTs toxicity (Fig. 12.20) [41]. In nematodes, 
mutation of rsks-1 suppressed the susceptibility of mir-259 mutant nematodes to the 
MWCNTs toxicity (Fig. 12.20) [41]. RSKS-1 functioned in the pharynx to regulate 
the MWCNTs toxicity [41]. Moreover, the resistance of rsks-1(ok1255) mutant 
nematodes to MWCNTs toxicity on lifespan and aging-related properties could be 
inhibited by aak-2 mutation [41], indicating that RSKS-1 acts upstream of AAK-2 
to regulate the MWCNTs toxicity. Additionally, AAK-2 acted together with DAF- 
16 in the same genetic pathway to regulate the MWCNTs toxicity [41]. Therefore, 
RSKS-1 regulated the MWCNTs toxicity by suppressing the function of AAK-2- 
DAF-16 signaling cascade in nematodes.
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Fig. 12.19 Tissue-specific activity of mir-247 in the regulation of GO toxicity [40]. (a) Tissue- 
specific activity of mir-247 in the regulation of GO toxicity on lifespan. (b) Tissue-specific activity 
of mir-247 in the regulation of GO toxicity in inducing intestinal ROS production. Prolonged 
exposure was performed from L1-larvae to adult day 1. Bars represent means ± SD. **P < 0.01 vs 
wild-type (if not specially indicated)
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Fig. 12.20 Genetic interaction between mir-259 and rsks-1 in regulating MWCNTs toxicity in 
nematodes [41]. (a) Genetic interaction between mir-259 and rsks-1 in regulating MWCNTs 
toxicity in reducing lifespan in nematodes. (b) Genetic interaction between mir-259 and rsks-1 in 
regulating MWCNTs toxicity in decreasing locomotion behavior in nematodes. Exposure 
concentration of MWCNTs was 1 mg/L. Prolonged exposure was performed from L1-larvae to 
young adults. Bars represent means ± SD. **P < 0.01 vs N2 (if not specially indicated)
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12.4.2.7  Biological Function of mir-355

In nematodes, infection with Pseudomonas aeruginosa could dysregulate some 
miRNAs [42]. Among these miRNAs, loss-of-function mutation of mir-45, mir-75, 
mir-246, mir-256, or mir-355 induced a resistance to P. aeruginosa infection, 
whereas loss-of-function mutation of mir-63 or mir-360 induced a susceptibility to 
P. aeruginosa infection [42]. Based on the prediction, SMA-3 in the TGF-β signaling 
pathway might function as a potential target for mir-246 in the regulation of innate 
immunity [42]. Moreover, the effects of intestinal overexpression of daf-2 lacking 
3′ UTR or containing 3′ UTR on innate immune response of nematodes overex-
pressing intestinal mir-355 to P. aeruginosa PA14 infection, as well as the in vivo 
3′-UTR binding assay, demonstrated that the DAF-2 in the insulin signaling path-
way acted as a target for intestinal mir-355 to regulate the innate immunity 
(Fig. 12.21) [42]. Mutation of daf-2 resulted in a resistance to pathogen infection 
and suppressed the susceptibility of mir-355(n4618) mutant nematodes to pathogen 
infection [42]. In nematodes, mir-355 acted downstream of PMK-1 to regulate the 
innate immune response to P. aeruginosa PA14 infection [42]. Additionally, mir- 
355 acted upstream of DAF-16 and SKN-1 to regulate the innate immune response 
to P. aeruginosa PA14 infection [42]. Therefore, mir-355 functions as an important 
link between p38 MAPK signaling pathway and insulin signaling pathway in the 
regulation of innate immunity in nematodes. Similarly, DAF-2 was also found to act 
as a target of mir-355 in regulating the MWCNTs toxicity in nematodes [43].

12.4.2.8  Biological Function of mir-360

Among the dysregulated miRNAs induced by GO, mir-360 mutation enhanced 
reproductive toxicity of GO; however, mir-360 overexpression inhibited reproductive 
toxicity of GO (Fig.  12.22) [44]. CEP-1 was identified as the target of mir-360 
during the control of reproductive toxicity of GO in inducing germline apoptosis 
(Fig.  12.22) [44]. mir-360 expression could be increased by GO exposure [31], 
suggesting that the alteration in mir-360 expression mediates a protective response 
to GO exposure in nematodes.

12.4.3  The mRNAs–miRNA Network Involved 
in the Regulation of Toxicity of Environmental 
Toxicants or Stresses

The mRNAs–miRNA network has been raised to be involved in the regulation of 
GO toxicity [36]. Based on the prediction, mir-259, mir-1820, mir-36, mir-82, mir- 
239, mir-246, mir-392, mir-2217, mir-360, mir-4810, mir-4807, mir-4805, mir-800, 
mir-1830, mir-236, mir-4806, mir-244, mir-235, mir-4812, mir-43, mir-231, 
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mir- 42, mir-2210, and mir-73 might be involved in the control of GO toxicity with 
some of the dysregulated genes as their targets in GO-exposed nematodes [36]. 
Among these potential targeted genes, gas-1 might act as a molecular target for mir-
4810 to regulate the activation of oxidative stress in GO-exposed nematodes, and 
par-6 might act as a molecular target for mir-1820 to regulate intestinal develop-
ment and function in GO-exposed nematodes [36]. Additionally, mir-231, mir-236, 

Fig. 12.21 Effects of intestinal overexpression of daf-2 lacking 3′ UTR on innate immune 
response to P. aeruginosa PA14 infection in nematodes overexpressing intestinal mir-355 [42]. (a) 
Effects of intestinal overexpression of daf-2 lacking 3′ UTR on survival of nematodes 
overexpressing intestinal mir-355 after P. aeruginosa PA14 infection. Statistical comparisons of 
the survival plots indicate that, after the P. aeruginosa PA14 infection, the survival of transgenic 
strain Is(Pges-1-mir-355);Ex(Pges-1-daf-2-3′UTR) was significantly different from that of 
transgenic strain Is(Pges-1-mir-355) (P  <  0.001). Bars represent mean  ±  SD. (b) Effects of 
intestinal overexpression of daf-2 lacking 3′ UTR on P. aeruginosa PA14 CFU in the body of 
nematodes overexpressing intestinal mir-355. Bars represent mean ± SD. **P < 0.01 vs wild-type 
(if not specially indicated). (c) Effects of intestinal overexpression of daf-2 lacking 3′ UTR on 
expression patterns of putative antimicrobial genes of nematodes overexpressing intestinal mir- 
355 after P. aeruginosa PA14 infection. Normalized expression is presented relative to wild-type 
expression. Bars represent mean ± SD. **P < 0.01
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mir-259, mir-36, mir-42, mir-43, mir-73, mir-82, and mir-4805 might act through 
the functions of unc-44, mig-2, itr-1, ced-10, unc-93, fat-2, smp-1, and/or cab-1 to 
regulate the defecation behavior in GO-exposed nematodes [36]. Therefore, certain 
miRNA–mRNA networks may exist to regulate the toxicity of environmental toxi-
cants or stresses by influencing some important biological processes, such as oxida-
tive stress, intestinal development and function, and defecation behavior, in 
nematodes.

Fig. 12.22 mir-360 negatively regulated the functions of signaling pathways of DNA damage 
checkpoints and apoptosis in the control of reproductive toxicity in GO-exposed nematodes [44]. 
(a) Germline apoptosis in mir-259, mir-81/82, or mir-360 mutant exposed to GO. The used mutants 
were wild-type N2, mir-360(n4635), mir-259(n4106), and mir-81&82(nDf54). (b) Genetic 
interaction of mir-360 with cep-1 in regulating germline apoptosis in nematodes exposed to 
GO. The used strains were wild-type N2, mir-360(n4635), cep-1(RNAi), and cep-1(RNAi);mir- 
360(n4635). (c) A summary model for the molecular control of reproductive toxicity of GO in 
inducing germline apoptosis in nematodes. GO exposure concentration was 10 mg/L. Prolonged 
exposure to GO was performed from L1-larvae to young adults. Bars represent means ± S.E.M. 
**P < 0.01
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12.5  lncRNA Regulation

Long noncoding RNAs (lncRNAs) are normally defined as the noncoding RNAs 
having at least 200 nucleotides and no (or weak) protein coding ability, which have 
been shown to potentially regulate various biological processes [45–48].

12.5.1  Dysregulation of lncRNAs by Environmental Toxicants 
or Stresses

With the GO as an example, the Illumina HiSeq 2000 sequencing was performed for 
nematodes after prolonged exposure (L1-larvae stage to young adults) to GO 
(100  mg/L). Among the dysregulated 39 lncRNAs, 10 known lncRNAs were 1 
upregulated lncRNA (linc-3) and 9 downregulated lncRNAs (linc-14, anr-24, linc- 
68, linc-103, linc-83, linc-24, anr-36, linc-5, and linc-37) (Fig. 12.23) [49]. linc-14, 
linc-68, linc-103, linc-83, linc-24, linc-5, linc-37, and linc-3 are intergenic lncRNAs, 
and anr-36 and anr-24 are antisense lncRNAs (Fig. 12.23) [49]. Besides this, 29 
novel lncRNAs were also identified in GO-exposed nematodes (Fig. 12.23) [49]. 
Among these lncRNAs, 34 differentially expressed lncRNAs could be confirmed by 
qRT–PCR analysis in GO-exposed nematodes [49].

12.5.2  Effect of Ascorbate or Paraquat Treatment on lncRNA 
Profiling in Nematodes Exposed to Environmental 
Toxicants or Stresses

After pretreatment with paraquat (2 mM), a ROS generator, the expression of can-
didate 34 lncRNAs was more severely affected in GO-exposed nematodes 
(Fig. 12.24) [49]. Different from this, ascorbate (10 mM) treatment could recover 
the dysregulation in expressions of some lncRNAs caused by GO exposure 
(Fig. 12.24) [49].

12.5.3  Effects of PEG Modification or FBS Surface Coating 
on Graphene Oxide-Induced lncRNA Profiling

After the comparison of 34 candidate long noncoding RNAs (lncRNAs) in control, 
GO-, or GO–PEG-exposed nematodes, expression patterns of some dysregulated 
lncRNAs induced by GO exposure could be reversed by PEG surface modification 
(Fig.  12.25) [49]. PEG surface modification could increase the expressions of 
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Fig. 12.23 Dysregulated lncRNAs induced by GO exposure in nematodes [49]. (a) Hierarchical 
clustering assay to show the characteristic molecular signature of 39 dysregulated lncRNAs in 
GO-exposed nematodes. (b) Dysregulated known lncRNAs induced by GO exposure in nematodes. 
logFC >2 and p < 0.05. (c) Dysregulated novel lncRNAs induced by GO exposure in nematodes. 
logFC >2 and p < 0.05
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linc- 37, linc-5, linc-24, linc-14, XLOC_013642, XLOC_010849, and XLOC_004416 
and decrease the expression of XLOC_007959 in GO-exposed nematodes 
(Fig. 12.25) [49]. Similarly, FBS surface coating could suppress the increase in the 
expressions of linc-37, linc-24, linc-14, XLOC_004416, XLOC_013698, and 
XLOC_012820, and the decrease in the expression of XLOC_007959 induced by 
GO exposure (Fig. 12.25) [49]. More importantly, it was found that both the FBS 
surface coating and the PEG surface modification could decrease the expressions of 
linc-37, linc- 24, linc-14, and XLOC_004416 and increase the expression of 
XLOC_007959 in GO-exposed nematodes (Fig.  12.25) [49], which implies that 
FBS surface coating or PEG surface modification may potentially reduce the GO 
toxicity by influencing the functions of some certain conserved molecular basis 
mediated by same lncRNAs in nematodes.

12.5.4  The lncRNA–miRNA Network Involved 
in the Regulation of Toxicity of Environmental 
Toxicants or Stresses

Based on the identified dysregulated miRNAs and lncRNAs, a lncRNA–miRNA 
network that responds to GO exposure was raised in nematodes using a bioinfor-
matics analysis algorithm. In this lncRNA–miRNA network, lncRNAs may regulate 
the GO toxicity by affecting or altering the function of certain targeted miRNA(s) 
[49]. These identified 34 lncRNAs might potentially only bind to a very limited 
number of miRNAs to regulate the GO toxicity in nematodes [49]. The lncRNA–
miRNA networks provide important clues for further elucidation of underlying 
mechanisms for candidate lncRNAs in the regulation of toxicity of environmental 
toxicants or stresses in nematodes.

Fig. 12.24 Effects of ascorbate or paraquat treatment on lncRNA expression in nematodes [49]. 
L4-larval nematodes were treated with 2 mM paraquat for 12 h in the 12-well sterile tissue culture 
plates. Nematodes were exposed to GO (100 mg/L) first from L1-larvae to L4-larvae and then 
treated with 10 mM ascorbate for 24 h. Bars represent means ± S.E.M. **P < 0.01

12 Epigenetic Regulation of Toxicity of Environmental Toxicants or Stresses



385

12.5.5  Functional Analysis of linc-37 and linc-14 
in Regulating the Toxicity of Environmental Toxicants 
or Stresses

In nematodes, RNAi knockdown of linc-37 or linc-14 could induce a resistance to 
GO toxicity in reducing lifespan, in inducing intestinal ROS production, and in 
decreasing locomotion behavior [49]. In contrast, nematodes overexpressing linc- 
37 or linc-14 showed a susceptibility to GO toxicity [49]. Based on the screen of 
candidate binding transcriptional factors (TFs) for linc-37, it was found that linc-37 
RNAi knockdown increased the expressions of ama-1, daf-16, nhr-28, elt-3, fos-1, 
and gmeb-1 in GO-exposed nematodes (Fig. 12.26) [49]. DAF-16 is the FOXO TF 
in the insulin signaling pathway. linc-37 RNAi knockdown also enhanced expres-
sion and translocation of DAF-16::GFP into intestinal nucleus (Fig. 12.26) [49]. 
Genetic analysis has indicated that linc-37 regulates GO toxicity by modulating 
DAF-16 function in nematodes.

Fig. 12.25 Surface modification altered the expression patterns of some lncRNAs in GO-exposed 
wild-type nematodes [49]. (a) lncRNA expression patterns in GO-, GO–FBS-, or GO–PEG- 
exposed nematodes. GO-, GO–FBS-, or GO–PEG exposure concentration was 100 mg/L. Prolonged 
exposure to GO was performed from L1-larvae to young adults. Bars represent means ± S.E.M. 
**P < 0.01. (b) Summary on the expression patterns of lncRNAs in GO-, GO–FBS-, or GO–PEG- 
exposed nematodes. Dark blue color indicates the decreased lncRNAs by GO, red color indicates 
the increased lncRNA by GO, yellow color indicate the increased lncRNAs by modification, and 
light blue color indicate the decreased lncRNA by modification. (c) Diagram for molecular 
mechanism of FBS coating or PEG surface modification to reduce the GO toxicity through the 
regulation of functions of lncRNAs in nematodes
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linc-37 RNAi knockdown altered expressions of sod-1, sod-2, sod-3, sod-4, isp- 
1, clk-1, nhx-2, pkc-3, jkk-1, jnk-1, ced-3, ced-4, cep-1, and daf-16 [49], 
demonstrating the possible important roles of linc-37 in affecting oxidative stress, 
stress response, intestinal development, and cell apoptosis and DNA damage in 
GO-exposed nematodes. linc-14 RNAi knockdown also altered expressions of sod- 
3, sod-4, isp-1, nhx-2, par-6, pkc-3, jnk-1, mek-1, ced-3, ced-4, clk-2, cep-1, daf-16, 
akt-1, and daf-18 [49], suggesting the similar functions of linc-14 in affecting 
oxidative stress, stress response, intestinal development, and cell apoptosis and 
DNA damage in GO-exposed nematodes.

Fig. 12.26 Interaction of DAF-16/TF with linc-37 in the regulation of GO toxicity [49]. (a) TFs 
expression patterns in linc-37 RNAi knockdown nematodes. (b) Subcellular localization of DAF- 
16::GFP fusion protein in GO-exposed linc-37 RNAi knockdown nematodes. (c) Lifespan of wild- 
type N2, daf-16(mu86), linc-37 RNAi, and daf-16(mu86);linc-37 RNAi nematodes exposed to 
GO. (d) Locomotion behavior in wild-type N2, daf-16(mu86), linc-37 RNAi, and daf- 
16(mu86);linc-37 RNAi nematodes exposed to GO.  GO exposure concentration was 
100  mg/L.  Prolonged exposure to GO was performed from L1-larvae to young adults. Bars 
represent means ± S.E.M. **P < 0.01
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12.6  Perspectives

In nematodes, in this chapter, we only focused on the methylation, acetylation, 
microRNAs (miRNAs), and long noncoding RNAs (lncRNAs) to discuss the 
involvement of epigenetic mechanisms in the regulation of toxicity of environmental 
toxicants or stresses. Actually, there are still some other forms of epigenetic 
regulation, such as the circular RNAs. Therefore, more efforts are needed to 
elucidate the molecular basis for epigenetic control of toxicity of environmental 
toxicants or stresses.

Nevertheless, so far, the researchers still do not pay more attention to the epigen-
etic control of biological processes, as done on genes encoding molecular signaling 
pathways, that is, whether the epigenetic signals can play a pivotal role in regulating 
the biological processes, including the stress response or, in other words, whether 
the contribution of epigenetic signals is equally important to the genes encoding 
molecular signaling pathways in regulating the biological processes. A further pos-
sibility also exist that certain forms of epigenetic control are only very important at 
certain aspects in the regulation of biological processes. More convincing data are 
still needed to prove the possible or potential pivotal roles of different forms of 
epigenetic signals in regulating different biological processes at least in 
nematodes.

In nematodes, it is assumed that a small set of epigenetic signals can govern 
many important molecular signaling pathways to regulate the toxicity of 
environmental toxicants or stresses. If this assumption is correct, the study on the 
epigenetic regulation at least can help us identify more important signaling pathways 
involved in the regulation of toxicity of environmental toxicants or stresses. But, 
this should not be the real focus of work on the epigenetic regulation itself.
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Chapter 13
Strategies to Screen and to Identify New 
Genetic Loci Involved in the Regulation 
of Toxicity of Environmental Toxicants 
or Stresses

Abstract It is necessary to employ powerful strategies to screen and to identify 
new genetic loci involved in the regulation of toxicity of environmental toxicants or 
stresses in nematodes. We here introduced the usefulness of transcriptomic analysis, 
proteomic analysis, forward genetics, and reverse genetics in screening and in iden-
tifying new genetic loci involved in the regulation of toxicity of environmental toxi-
cants or stresses. Meanwhile, we discussed the related limitations for these strategies 
in nematodes.

Keywords Transcriptomic analysis · Proteomic analysis · Forward genetics · 
Reverse genetics · Screen · Caenorhabditis elegans

13.1  Introduction

So far, most of the works on the elucidation of underlying molecular mechanisms 
for toxicity of environmental toxicants or stresses are relevant to those well-known 
signaling pathways. In nematode Caenorhabditis elegans, many environmental 
toxicants or stresses can potentially result in the toxicity at different aspects on ani-
mals [1–8]. Actually, during the toxicity induction of environmental toxicants or 
stresses, a complex network may exist and contain many relevant signaling path-
ways. Therefore, it is necessary to employ effective strategies to screen and to iden-
tify new genetic loci involved in the regulation of toxicity of environmental toxicants 
or stresses.

In this chapter, we first introduced the importance of transcriptomic analysis and 
proteomic analysis for the screen and the identification of new genetic loci involved 
in the regulation of toxicity of environmental toxicants or stresses. Moreover, we 
further introduced the importance of forward and reverse genetic screen techniques 
in screening and in identifying new genetic loci involved in the regulation of toxic-
ity of environmental toxicants or stresses. The related advantages and limitations for 
these strategies were further discussed.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3633-1_13&domain=pdf


392

13.2  Transcriptomic Screen and Identification of New 
Genetic Loci Involved in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

In nematodes, the transcriptomic technique has been widely and frequently 
employed to screen and to identify the new genetic loci involved in the regulation of 
toxicity of environmental toxicants or stresses [9–23]. The nanotoxicological stud-
ies have demonstrated that some of the engineered nanomaterials (ENMs) can 
potentially induce the toxic effects on the functions of both primary and secondary 
targeted organs in organisms, including the nematodes [24–30]. We here selected 
the multiwalled carbon nanotubes (MWCNTs), a carbon-based ENM, as an exam-
ple to discuss the use of transcriptomic technique in screening and in identifying 
new genetic loci involved in the regulation of toxicity of environmental toxicants or 
stresses [31].

Using Illumina HiSeqTM 2000 sequencing technique, transcriptomes from both 
control and MWCNT exposure groups were sequenced to obtain clean read data 
after filtering raw sequence data containing adaptor fragments [31]. The analysis 
based on statistical significance and use of a 2.0-fold change cutoff was performed, 
and the acquired annotations of differentially expressed genes were compared with 
the databases of gene bank (Fig.  13.1) [31]. Among the detected 13,752 genes, 
totally, 1903 genes were differentially expressed in MWCNT-exposed nematodes 
compared with control (Fig. 13.1) [31]. Among these 1903 mRNAs, 924 mRNAs 
were upregulated, and 993 mRNAs were downregulated by MWCNT exposure 
[31]. Among these dysregulated genes, some genes were associated with the control 
of oxidative stress or intestinal development [31]. The dysregulated genes associ-
ated with the control of oxidative stress were sod-2, sod-3, mev-1, isp-1, gas-1, and 
clk-1, and the dysregulated genes associated with the control of intestinal develop-
ment were pgp-3, gem-4, par-3, pkc-3, ajm-1, lin-7, inx-3, and abts-4 [31].

To determine the biological processes mediated by the dysregulated genes in 
MWCNT-exposed nematodes, gene ontology analysis was performed. Based on the 
dysregulated mRNAs, the significantly influenced gene ontology terms could be 
mainly classified into several categories, which were at least associated with bio-
logical processes of development, reproduction, cell adhesion, apoptosis, enzyme 
activity, cellular component, cellular localization and transportation, response to 
stimulus, immune response, cell metabolism, macromolecular complex, transcrip-
tion, and translation in organisms (Fig. 13.2) [31]. The KEGG pathway mapping, a 
bioinformatics resource used to map molecular data sets in genomics, was further 

Fig. 13.1 (continued) expression levels are represented as blue, and relatively high expression 
levels are represented in red. (b) Scatter diagram of relationship between mRNA coverage of the 
control group and the MWCNT exposure group. (c) qRT-PCR analysis of the expressions of some 
genes encoding insulin signaling pathway in nematodes exposed to MWCNTs. (d) MWCNT expo-
sure influenced the nuclear translocation of DAF-16::GFP in nematodes. Scale bar, 150  μm. 
MWCNT (1 mg/L) exposure was performed from L1-larvae to young adult. Bars represent means 
± SEM **P < 0.01 vs control
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Fig. 13.1 Dysregulated mRNAs induced by MWCNT exposure [31]. (a) Heat map showing the 
expression of mRNAs obtained from control and MWCNT-exposed nematodes. Relatively low 
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analyzed. The signaling pathways for the MWCNT toxicity control at least con-
tained signaling pathways related to development, cell cycle, cell death, oxidative 
stress response, cellular component, immune response, neuronal development and 
neurodegeneration, and cell metabolism (Fig.  13.2) [31]. These results provide 
important clues for further understanding or elucidating the potential functions of 
dysregulated genes in the MWCNT toxicity induction in nematodes.

In nematodes, MWCNT exposure could induce the dysregulation of a series of 
miRNAs [32]. Among the dysregulated miRNAs, the bioinformatics analysis fur-
ther demonstrated that lin-4, mir-228, mir-249, mir-47, mir-355, mir-45, mir-2210, 
mir-57, mir-1018, mir-360, mir-64, mir-2209, mit-793, mir-1830, mir-2210, mir-83, 
mir-789, and mir-806 might be involved in the regulation of MWCNT toxicity 
through affecting the functions of identified dysregulated genes in exposed nema-
todes [31]. For example, isp-1 gene might serve as a molecular target for mir-249 to 
regulate the induction of oxidative stress in MWCNT-exposed nematodes [31]. 
Mutation of mir-249 enhanced the induction of ROS production in MWCNT- 
exposed nematodes [31]. Mutation of isp-1 inhibited the induction of ROS produc-
tion in MWCNT-exposed nematodes, and mutation of isp-1 gene suppressed the 
enhanced induction of ROS production observed in MWCNT-exposed mir- 
249(n4983) mutant nematodes [31]. The raised miRNA–mRNA network provides 
another important clue for the further elucidation of underlying molecular mecha-
nisms of MWCNT toxicity induction in nematodes.

In nematodes, the insulin signaling pathway plays a crucial role in the regulation 
of toxicity of environmental toxicants or stresses [1, 33–35]. Among the genes 
encoding the insulin signaling pathway, the transcriptional expressions of daf-16 
and daf-18 were decreased, and the transcriptional expressions of age-1, daf-2, pdk- 
1, and akt-1 were increased in MWCNT (1 mg/L)-exposed nematodes compared 
with control (Fig.  13.1) [31]. The qRT-PCR assay confirmed these changes 
(Fig. 13.1) [31]. daf-2 encodes a protein that is homologous to human insulin recep-
tor InR, age-1 encodes a protein that is homologous to human phosphoinositide 
3-kinase PI3K, daf-18 encodes a protein that is homologous to human lipid phos-
phatase PTEN, akt-1 encodes a protein that is homologous to human serine/threo-
nine kinase Akt/PKB, and daf-16 encodes a protein that is homologous to human 
transcription factor FOXO. Meanwhile, it was observed that the percentage of nem-
atodes with DAF-16::GFP in nucleus was significantly increased compared with 
control after the exposure to MWCNTs (Fig. 13.1) [31].

Moreover, it was found that mutation of daf-2, age-1, or akt-1 led to the obvious 
inhibition in induction of ROS production in the intestine and the significant increase 
in brood size or locomotion behavior in MWCNT (1 mg/L)-exposed nematodes; 
however, mutation of daf-16 or daf-18 resulted in the enhanced induction of ROS 
production in the intestine and the more severe decrease in brood size or locomotion 
behavior in MWCNT (1 mg/L)-exposed nematodes (Fig. 13.3) [31]. Therefore, the 
functional analysis demonstrated the crucial role of the insulin signaling pathway in 
regulating the MWCNT toxicity in nematodes.
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13.3  Proteomic Screen and Identification of New Genetic 
Loci Involved in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

With the acrylamide as an example, the second-dimension SDS-PAGE was per-
formed to analyze the differences in protein expressions in acrylamide-exposed 
nematodes. Totally 274 ± 31 spots from the control extracts and 334 ± 29 spots from 
acrylamide (500 mg/l)-treated extracts were detected (Fig. 13.4) [36]. Among these 
spots, 14 spots were identified as dysregulated spots by MALDI-TOF mass spec-
trometer (Fig.  13.4) [36]. Moreover, four proteins were clearly upregulated by 
500 mg/l of acrylamide, and these were all GSTs [36].

It was further observed that the GST expressions were induced by acrylamide 
(500 mg/l) exposure for 12, 24, and 48 h (Fig. 13.5) [36]. Especially, the obvious 
alteration in expressions of GST-4, GST-7, GST-38, and GST-30 could be induced 
by acrylamide (500 mg/l) [36]. After acrylamide (500 mg) exposure for 48 h, the 
GST-4 expression was strongest, and RNAi knockdown of skn-1 suppressed this 
expression induction in the pharynx and in the body wall muscle [36].

Fig. 13.3 Genes encoding insulin signaling pathway were involved in the control of MWCNT 
toxicity in nematodes [31]. (a) Intestinal ROS production assay in mutants for genes encoding 
insulin signaling pathway. Scale bar, 150 μm. (b) Brood size assay in mutants for genes encoding 
insulin signaling pathway. (c) Locomotion behavior assay in mutants for genes encoding insulin 
signaling pathway. Locomotion behavior was assessed by the endpoints of head thrash and body 
bend. The used nematode strains were wild-type N2, daf-16(mu86), daf-2(e1370), age-1(hx546), 
daf-18(e1375), and akt-1(ok525). MWCNT (1 mg/L) exposure was performed from L1-larvae to 
young adult. Bars represent means ± SEM **P < 0.01 vs N2

13 Strategies to Screen and to Identify New Genetic Loci Involved in the Regulation…



397

13.4  Forward Genetic Screen and Identification of New 
Genetic Loci Involved in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

The forward genetic screen is a powerful genetic tool to identify new genetic loci 
involved in the regulation of toxicity of environmental toxicants or stresses in nema-
todes [37, 38]. In nematodes, the excess iodide caused pleiotropic defects on ani-
mals [39]. We here selected the iodide toxicity as an example to introduce the use of 

Fig. 13.4 2-DE gel images of Caenorhabditis elegans total protein [36]. Five hundred microgram 
of protein was separated in the first dimension by pH gradient (pH 4–7, 18 cm) and in the second 
dimension by molecular weight. (a) Proteins from animals grown on control plates without acryl-
amide; 277 ± 31 (mean ± SD) protein spots were detected from four independent experiments. (b) 
Proteins from animals grown on 500 mg/l acrylamide; 334 ± 29 (mean ± SD) protein spots were 
detected from four independent experiments. (c) Eighteen identified spots are indicated on a 2-DE 
gel image

Fig. 13.5 Changes in the GST expression of the eight transgenic animals exposed from the L1 
stage to 500 mg/l of acrylamide for 12, 24, and 48 h [36]. Animals were alive after all measure-
ments. Data points indicate mean values ± SEM of three independent experiments. Statistical sig-
nificance was shown by the GFP signals from 12 h for GST-4, GST-7, and GST-30 and from 24 h 
for GST-38 (p < 0.05)
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forward genetics for the screen and the identification of new genetic loci involved in 
the regulation of toxicity of environmental toxicants or stresses.

The P0 nematodes were mutagenized with ethyl methanesulfonate, and the phe-
notypes were screened in 5000 F1 animals [39]. The mutants that could survive in 
5 mM NaI were saved, and 12 independent isolates were obtained [39]. After map-
ping using SNPs and genetic complementation tests of all 12 mutations, these muta-
tions might affect at least 4 genes [39].

Using nuclear-binding fluorescence dye Hoechst 33258, five isolates (mac33, 
mac38, mac40, mac42, and mac43) exhibited a defective cuticle integrity (Fig. 13.6) 
[39], suggesting the genetic lesions affecting cuticle formation. In nematodes, muta-
tions affecting cuticles usually cause blisters on cuticle (Bli), dumpy (Dpy), long 
(Lon), roller (Rol), and/or squat (Sqt). Because only an obviously Bli phenotype 

Fig. 13.6 Mutants that survive in 5 mM NaI have defective cuticle integrity [39]. (a) Cuticle blis-
ters (arrows) of bli mutants, tsp-15(sv15) mutants, and two mac mutants (left and middle panels). 
Hoechst 33258 labels numerous nuclei in mac33 and mac40 mutants (right panels). Scale bars, 
20 mm. (b) Ratios of Hoechst 33258-positive animals. Statistics, different from wild type. Bars, 
SEs of four biological replicates (n = 50 for each replicate). *P < 0.01 (Bonferroni test with one- 
way ANOVA)
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was detected in mac isolates, it was postulated that the Bli mutants might potentially 
survive in excess iodide [39]. Nevertheless, the further test on a series of Bli mutants 
(bli-1(e769), bli-2(e768), bli-3(e767), bli-4(e937), bli-5(e518), bli-6(n776, sc16), 
and tsp-15(sv15)) indicated that only bli-3(e767) and tsp-15(sv15) mutant nema-
todes could survive in the excess iodide [39].

It was found that three of four complementation groups were mapped to chro-
mosome I, on which both bli-3 and tsp-15 locate [39]. Moreover, mac40 is an 
allele of bli-3, mac33 is an allele of tsp-15, and mac32 represents an unknown 
gene (Fig. 13.7) [39]. Meanwhile, the blisters of mac33 and mac40 mutant nema-
todes resemble those of tsp-15(sv15) and bli-3(e767) mutant nematodes but are 
still different from the clear blisters of bli-1(e769) mutants (Fig.  13.7) [39]. 
Additionally, nematodes with RNAi knockdown of bli-3 or tsp-15 could survive in 
5 mM NaI [39].

In nematodes, the DOXA-1, an ortholog of mammalian dual oxidase maturation 
factor, forms a complex with BLI-3 and TSP-15, and each component of BLI-3/
TSP-15/DOXA-1 dual oxidase complex was found to be required for the 
development- arresting effect of excess iodide [39]. The nematodes with RNAi 
knockdown of mtl-7 encoding a ShkT (Shk toxin)-domain-containing heme peroxi-
dase were Bli but failed to survive in 5 mM NaI [39]. Meanwhile, RNAi knockdown 
of mlt-7 and each skpo gene (skpo-1, skpo-2, or skpo-3) encoding other 

Fig. 13.7 Some mac mutations affect bli-3 and tsp-15 [39]. (a) The mac mutations in bli-3 affect 
conserved (mac41, G44S; mac38, S694F) or nonconserved (mac40, A1263T; mac37, A1330V) 
amino acids in different domains of BLI-3. Nucleotide changes, amino acid changes, and BLI-3 
DUOX1 partial sequence alignments of different species were presented. TM, transmembrane 
domain. (b) mac33 affects a nonconserved amino acid residue in the fourth transmembrane domain 
of TSP-15. Nucleotide change, amino acid change, and TSP-15 partial sequence alignment were 
presented
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 ShkT- domain- containing peroxidases individually or in combination did not result 
in the survival phenotype in excess iodide [39], suggesting that MLT-7 and each of 
the SKPO proteins might not be redundantly required for development-arresting 
effect in response to the excess iodide.

13.5  Reverse Genetic Screen and Identification of New 
Genetic Loci Involved in the Regulation of Toxicity 
of Environmental Toxicants or Stresses

13.5.1  Using a Certain Number of Mutants to Screen 
and to Identify Genetic Loci Involved in the Regulation 
of Toxicity of Environmental Toxicants or Stresses

The mutant resources for nematodes are very rich, and thus, using a certain number 
of mutants is frequently employed to screen and to identify genetic loci involved in 
the regulation of toxicity of environmental toxicants or stresses [40–42]. 
Environmental pathogens can potentially cause the toxicity or even kill the host 
organisms, including the nematodes [43–50]. We here further select the pathogen 
infection as an example to introduce the use of mutants to screen and to identify 
microRNAs (miRNAs) involved in the regulation of toxicity of environmental toxi-
cants or stresses in nematodes [51].

Using deletion mutants, a large-scale screen was performed to identify the miR-
NAs involved in the control of P. aeruginosa PA14 infection and the corresponding 
innate immune response [51]. Based on the phenotypic analysis of survival in 
miRNA mutants infected with P. aeruginosa PA14, totally 11 out of the examined 
82 miRNA mutants with the abnormal survival phenotype were identified (Fig. 13.8) 
[51]. These miRNA mutants were let-7(mg279), mir-45(n4280), mir-63(n4568), 
mir-75(n4472), mir-84(n4307), mir-233(n4761), mir-241(n4316), mir-246(n4636), 
mir-256(n4471), mir-355(n4618), and mir-360(n4635) (Fig.  13.8) [51]. Loss-of- 
function mutation of let-7, mir-45, mir-75, mir-84, mir-241, mir-246, or mir-256 
caused a resistance to P. aeruginosa PA14 infection in reducing survival (Fig. 13.8) 
[51]. In contrast, loss-of-function mutation of mir-63, mir-233, mir-360, or mir-355 
resulted in a susceptibility to P. aeruginosa PA14 infection in reducing survival 
(Fig. 13.8) [51].

Colony-forming unit (CFU) was employed to determine the PA14 colony forma-
tion in the body of miRNA mutant after P. aeruginosa infection. After P. aeruginosa 
PA14 infection, loss-of-function mutation of mir-63, mir-360, or mir-355 enhanced 
the PA14 colony formation in the body of nematodes; however, loss-of-function 
mutation of mir-45, mir-75, mir-246, or mir-256 suppressed the PA14 colony for-
mation in the body of nematodes (Fig. 13.9) [51].

P. aeruginosa PA14 infection can increase the transcriptional expression of anti-
microbial genes. Some putative antimicrobial genes (lys-1, lys-8, clec-85, dod-22, 
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Fig. 13.8 Survival in miRNA mutants infected with P. aeruginosa PA14 [51]. Bars represent 
mean ± SD
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K08D8.5, F55G11.7, and F55G11.4) were selected to determine the innate immune 
response in P. aeruginosa PA14 infected miRNA mutants. lys-1 and lys-8 encode 
lysozymes, clec-85 encodes a C-type lectin protein, dod-22 and F55G11.7 encode 
orthologs of human epoxide hydrolase 1, and K08D8.5 and F55G11.4 encode CUB- 
like domain-containing proteins. After P. aeruginosa PA14 infection, mutation of 
mir-45 increased the expressions of lys-8, clec-85, dod-22, F55G11.7, and 
F55G11.4; mutation of mir-75 increased the expressions of lys-1, lys-8, dod-22, 
F55G11.7, and F55G11.4; mutation of mir-246 increased the expressions of lys-8, 
clec-85, dod-22, K08D8.5, and F55G11.7; and mutation of mir-256 increased the 
expressions of lys-1, lys-8, clec-85, dod-22, and K08D8.5 (Fig. 13.10) [51]. Different 
from these, mutation of mir-63 decreased the expressions of lys-1, dod-22, 
F55G11.7, and F55G11.4; mutation of mir-355 decreased the expressions of lys-1, 
lys-8, K08D8.5, F55G11.7, and F55G11.4; and mutation of mir-360 decreased the 
expressions of lys-8, dod-22, K08D8.5, and F55G11.7 (Fig.  13.10) [51]. These 
results suggest that loss-of-function mutation of these seven miRNAs alters the 
innate immune response of nematodes to P. aeruginosa PA14 infection in 
nematodes.

Fig. 13.9 P. aeruginosa PA14 CFU in the body of miRNA mutants infected with P. aeruginosa 
PA14 [51]. Bars represent mean ± SD. **P < 0.01 vs wild type
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Fig. 13.10 Expression patterns of putative antimicrobial genes in P. aeruginosa PA14 infected 
miRNA mutant nematodes [51]. Normalized expression is presented relative to wild-type expres-
sion. Bars represent mean ± SD
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13.5.2  Using RNAi Knockdown Technique to Screen 
and to Identify Genetic Loci Involved in the Regulation 
of Toxicity of Environmental Toxicants or Stresses

Myotonic dystrophy disorders can be induced by expanded CUG repeats in noncod-
ing regions. The reporter constructs without any CUG repeats in the 384-nt 3′ UTR 
from let-858 (0CUG) showed a strong GFP fluorescence, whereas the presence of 
123 CUG repeats in the 3′ UTR (123CUG) resulted in a sharp decline in GFP fluo-
rescence [52]. Using the decline in adult-stage GFP fluorescence in 123CUG trans-
genic nematodes, RNAi screen was performed to identify the gene inactivations that 
can modify toxicity of expanded-CUG-repeat RNA [52]. After an initial 
fluorescence- based RNAi screen, a secondary motility-based screen of hits from the 
primary screen was further performed [52]. An RNAi library of 403 clones targeting 
genes that encode RNA-binding proteins and factors implicated in small-RNA path-
ways was screened. After the rescreening in triplicate, 84 gene inactivations were 
observed to induce an increase in late-developmental-stage GFP fluorescence in the 
123CUG strain without affecting the control 0CUG strain (Fig. 13.11) [52]. Among 
these genes, 14 gene inactivations could further significantly increase or decrease 
the velocity of 123CUG animals without affecting the control (0CUG) animals 
(Fig. 13.11) [52].

13.6  Perspectives

No doubt, all the four introduced strategies in this chapter are powerful and effective 
for the screen and the identification of new genetic loci involved in the regulation of 
toxicity of environmental toxicants or stresses. Nevertheless, meanwhile, these 
strategies have certain limitations.

With the concern on the transcriptomic analysis, it has at least two aspects of 
limitations. Firstly, this strategy cannot reflect the alterations at the translational 
level. Secondly, this strategy itself cannot tell us the biological or toxicological 
function of candidate genes. Nevertheless, this strategy can provide us a large num-
ber of candidate genes for further consideration.

With the concern on the proteomic analysis, it has also at least two aspects of 
limitations. Firstly, largely due to the 2-D SDS-PAGE technical limitation, usually 
only very limited dysregulated proteins can be identified. Secondly, data from this 
strategy still need the further functional analysis and confirmation.

With the concern on the forward genetics, these two aspects should be paid atten-
tion to. On the one hand, the number of obtained candidate mutants is usually 
largely affected by the examined phenotype or endpoint. The subtle phenotype or 
sensitive endpoint may be helpful for us to obtain more candidate mutants. On the 
other hand, this strategy still needs the further examination on the expression of 
candidate genes corresponding to the obtained mutants in nematodes exposed to 
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Fig. 13.11 Identification of gene inactivations that modulate expanded-CUG-repeat toxicity [52]. 
(a) Gene inactivations that disrupt the late-stage downregulation of GFP fluorescence mediated by 
123CUG in the 3′ UTR. Fluorescence microscopy images of the strains 123CUG and the control 
0CUG, on different RNAi gene inactivations: empty vector control (ctrl), npp-4, hda-1, C06A1.6, 
and smg-2. Images were taken at the 3-day-old adult stage. Bar, 200 μm. (b) Genetic suppressors 
and enhancers of expanded-CUG-repeat toxicity. Graph of velocity measurements of 0CUG (gray) 
and 123CUG (white) animals fed on different gene inactivations. The plotted velocities (x-axis, in 
μm/s) correspond to the median values of three independent experiments for aly-3, asd-1, C52B9.8, 
C06A1.6, cfim-2, dpy-2, F26B1.2, F48E8.6, grld-1, hda-1, hda-2, mrt-2, msh-6, nhr-2, nol-9, nth- 
1, pst-2, puf-6, puf-9, R05D10.1, R06C1.4, rnp-3, sago-1, sec-24.2, sfa-1, sir-2.2, smg-2, str-67, 
ung-1, and Y65B4A1 of 2 experiments for all other tested genes and of 22 experiments for control 
L4440. Red bars, strains fed on control vector; red line, median velocity; white shading, 25th and 
75th percentiles, as indicated, for the 123CUG animals fed on control vector; dotted orange lines, 
maximum (upper) and minimum (lower) of the median velocity for 123CUG animals fed on con-
trol vector; and red asterisks, significant gene inactivations, as determined by Kolmogorov–
Smirnov P value. The number of animals analyzed varied from 50 to 250 animals depending on the 
RNAi clone (further described in Online Methods), with a total of 1384 animals analyzed for the 
L4440 control. The black asterisk indicates the gene smg-2
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environmental toxicants or stresses. The important advantage for this strategy is to 
be able to obtain the mutants with the anticipated phenotypes.

With the concern on the reverse genetics, it has at least two aspects of limitations. 
Firstly, this strategy also needs the further examination on the expression of candi-
date genes corresponding to the obtained mutants in nematodes exposed to 
 environmental toxicants or stresses. Secondly, the powerfulness of this strategy to 
identify new genetic loci involved in the regulation of toxicity of environmental 
toxicants or stresses is somewhat limited. Usually, for the screened mutants, the 
functions of corresponding genes are already known. That is, for this strategy, a 
large-scale screen is suggested.

Taken together, to screen and to identify new genetic loci involved in the regula-
tion of toxicity of environmental toxicants or stresses, we should consider both of 
these two aspects simultaneously. On the one hand, we hope to be able to identify 
candidate genetic loci with the functions in regulating the toxicity of environmental 
toxicants or stresses. On the other hand, we need to carefully examine the altera-
tions in expression of these candidate genetic loci in nematodes exposed to environ-
mental toxicants or stresses. Lacking any one aspect is not reasonable for the 
elucidation of underlying molecular mechanisms for the observed toxicity induced 
by certain environmental toxicants or stresses in nematodes.
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Chapter 14
Molecular Basis for Adaptive Response 
to Environmental Toxicants or Stresses

Abstract In nematodes, pretreatment with a mild stress or toxicant will induce an 
adaptive response to the following severe environmental toxicant or stress. In this 
chapter, we introduced the molecular alterations during the formation of adaptive 
response and the relevant molecular signaling pathways involved in the regulation 
of adaptive response induction. The future research focuses were further suggested 
and discussed.

Keywords Molecular basis · Adaptive response · Caenorhabditis elegans

14.1  Introduction

In nematode Caenorhabditis elegans, various environmental toxicants or stresses 
can potentially cause the toxic effects on different aspects on animals [1–14]. In the 
environment, it is further observed that pretreatment with a mild stress or toxicant 
can induce an adaptive response for nematodes against the following severe toxicity 
of same or different environmental toxicant or stress [15]. The related information 
has been summarized in a review [15]. In nematodes, the adaption has been widely 
investigated in response to same or different environmental toxicant or stress 
[16–18].

In this chapter, we first introduced the molecular alterations during the formation 
of adaptive response. Moreover, we introduced and discussed the relevant molecular 
signaling pathways involved in the regulation of adaptive response induction. The 
obtained information so far provides important clues for the further elucidation of 
the underlying mechanism for this complex response behavior in nematodes.
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14.2  Molecular Alterations During the Formation 
of Adaptive Response

In nematodes, pretreatment with methylmercury (MeHg) could render the nema-
todes more resistant to the subsequent exposure to the toxicant [19]. Meanwhile, it 
was observed that all the expressions of gst-4::GFP, hsp-4::GFP, mtl-1::GFP, and 
mtl- 2::GFP could be further significantly increased to different degrees during the 
formation of adaptive response (Fig. 14.1) [19]. That is, some protective responses, 

Fig. 14.1 Fluorescence of gst-4::GFP, hsp-4::GFP, mtl-1::GFP, and mtl-2::GFP strains follow-
ing hormesis treatments [19]. Treatment paradigm includes animals treated at the L1 stage for 
30 min, allowed to grow to the L4 stage, assessed for fluorescence or treated again, and assessed 
for fluorescence after second treatment (a). Decreases were noted in fluorescence in gst-4::GFP 
and hsp-4::GFP animals after a single treatment and recovery (B, n = 4). After an initial treatment 
with MeHg and subsequent exposure to control treatment conditions, gst-4::GFP animals showed 
an increase in fluorescence (p < 0.05). At higher subsequent MeHg levels and in all conditions of 
hsp-4::GFP, mtl-1::GFP, and mtl-2::GFP worms, only decreases in fluorescence at increasing 
MeHg concentrations were noted (C-F, n = 4)
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at least including the UPR response, can be activated during the pretreatment with 
mild stress in nematodes.

14.3  Molecular Signaling Pathways Involved 
in the Regulation of Adaptive Response Induction

14.3.1  Insulin Signaling Pathway

In nematodes, it was found that the oxidative stress resistance in nematodes with the 
mutation of age-1 encoding a kinase in the insulin signaling pathway was associated 
with the adaptive response induction [20]. For the underlying mechanism, it was 
observed that the mitochondrial superoxide radical (·O2

−) level was decreased by 
age-1 mutation in nematodes after intermittent hypoxia exposure (Fig. 14.2) [20]. 
This reduction in ·O2

− level could be even detected if the mitochondrial Mn-SODs 
were reduced (Fig.  14.2) [20]. In contrast, no alteration in ·O2

− level could be 
detected in nematodes with mutation of daf-16 encoding a FOXO transcriptional 

Fig. 14.2 ·O2
− contents in 

SMP fractions of age-1 
and daf-16 strains [20]. (a) 
Left-hand open bar for 
each strain indicates 
·O2

− level in SMP without 
daily exposure to hypoxia, 
and right-hand shaded bar 
indicates levels with 
exposure. (b) Contents of 
VDAC and Mn-SOD 
proteins were confirmed in 
mitochondrial and SMP 
fractions by Western blot 
analysis
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factor in the insulin signaling pathway after intermittent hypoxia exposure 
(Fig. 14.2) [20]. Meanwhile, no difference in contents of VDAC, a mitochondrial 
membrane marker, was detected between hypoxia exposure and without exposure 
(Fig. 14.2) [20]. Therefore, the induction of adaptive response may be mediated by 
the suppression in mitochondrial ·O2

− production in nematodes.
In nematodes, it was also observed that pretreatment with a mild heat stress 

(35  °C for 25  min) could suppress the induction of sterility by treatment with 
dihomo-gamma-linolenic acid (DGLA) (an omega-6 fatty acid, 0.25 mM) (Fig. 14.3) 
[21]. Meanwhile, pretreatment with a mild heat stress induced the obvious nuclear 
localization of DAF-16::GFP; however, DGLA treatment alone did not obviously 
affect the localization of DAF-16::GFP (Fig.  14.3) [21]. In the insulin signaling 
pathway, mutation of daf-16 or daf-18 disrupted this induction of adaptive response 
to DGLA treatment (Fig. 14.3) [21]. In contrast, mutation of daf-2 could increase 
the expressions of daf-16-targeted genes (sod-3 and mtl-1) and skn-1-targeted gene 
(gst-4) in DGLA-exposed nematodes (Fig. 14.3) [21].

Similarly, it was also observed that pretreatment with isoamyl alcohol (IAA) or 
acetic acid (AA) odor could induce an adaptive response to the aging stress, and this 
induction of adaptive stress was suppressed by mutation of daf-16 (Fig. 14.4) [22]. 
Meanwhile, pretreatment with IAA or AA odor could significantly increase the 
expressions of targeted genes (sod-3, hsp-12.6, hsp-16.2, and hsp-70) of DAF-16 or 
HSF-1 under the odor stimuli in nematodes [22].

Fig. 14.3 Preconditioning suppresses germ cell loss [21]. (a) Synchronized L1 worms were raised 
on standard NGM plates to the eight-cell gonad stage, then preconditioned with a mild heat stress 
of 35  °C for 25  min, and plated on 0.25  mM DGLA-supplemented plates until worms reach 
adulthood. Graph displays the percentage of sterile worms in the population. (b) DAF-16::GFP 
transgenic worms show no noticeable GFP nuclear localization when fed a DGLA-supplemented 
diet from L1 through adulthood (DGLA), indistinguishable from the unsupplemented control. 
Heat stress preconditioning positive control (heat) shows strong nuclear localization of DAF- 
16::GFP. (c) Quantitative real-time RT-PCR analysis of targets of DAF-16 (mtl-1 and sod-3) and 
targets of SKN-1 (gcs-1 and gst-4). WT DGLA and daf-2 DGLA represent the fold change of 
worms when grown on 0.3 mM DGLA compared to the same strains grown on unsupplemented 
plates. Error bars, SEM
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14.3.2  SKN-1/Nrf

In nematodes, pretreatment with mild H2O2 could induce an adaptive response to the 
subsequent toxicity of severe H2O2 exposure in reducing the survival [23]. It was 
observed that the pretreatment with mild H2O2 could induce the accumulation of 
SKN-1::GFP in intestinal nuclei (Fig. 14.5) [23]. Mutation of skn-1 inhibited this 
induction of adaptive response to H2O2 exposure in reducing the survival (Fig. 14.5) 
[23]. Additionally, pretreatment with mild H2O2 could increase the expression of 
pas-7, one of the targeted genes of skn-1, whereas mutation of skn-1 inhibited this 
pas-7 increase in H2O2-exposed nematodes (Fig. 14.5) [23].

14.3.3  ERK MAPK Signaling Pathway

In nematodes, pretreatment with UVB or IR can induce an adaptive response to the 
subsequent treatment with heat shock (HS, 35  °C) (Fig.  14.6) [24]. Mutation of 
pmk-1 encoding a p38 MAPK or jnk-1 encoding a JNK MAPK did not affect this 

Fig. 14.4 Lifespan of worms stimulated by odor of isoamyl alcohol (IAA) or acetic acid (AA) 
[22]. (a) Age-synchronized L1 larvae were transferred onto nematode growth medium (NGM) 
plates seeded with OP50 and cultured at 20 °C for 72 h. After 3 days of culture, the worms were 
exposed to odor stimulus and cultured at 20 °C for 24 h. Subsequently, the worms were transferred 
onto NGM plates dribbled with 100 mL OP50 and cultured at 37 °C for 3.5 h (20 worms/plate). 
After heat stress treatment, the odor stimulus was given again, and the plates were cultured at 
20 °C. The number of living individuals was counted every 2 days. Statistical significance was 
analyzed with the log-rank test (N = 60). *p < 0.05. (b) Age-synchronized wild-type or daf-16 
mutant L1 larvae were transferred onto NGM plates seeded with OP50 and cultured at 20 °C for 
72 h. After 3 days of culture, the worms were exposed to odor stimulus and cultured at 20 °C for 
24 h. Next, the worms were transferred onto NGM plates dribbled with 100 mL OP50 and cultured 
at 37 °C for 3.5 h (20 worms/plate). After heat stress treatment, the odor stimulus was given again, 
and the plates were cultured at 20 °C. The number of living individuals was counted every 2 days. 
Statistical significance was analyzed with the log-rank test (N  =  60). *p  <  0.05. dDW double- 
distilled water
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induction of adaptive response (Fig.  14.6) [24]. In contrast, mutation of mpk-1 
encoding an ERK MAPK in the ERK MAPK signaling pathway suppressed this 
induction of adaptive response (Fig.  14.6) [24]. Moreover, it was observed that 
pretreatment with IR significantly increased the expression of phospho-ERK, and 
mutation of mpk-1 blocked this induction (Fig. 14.6) [24].

Fig. 14.5 Role of SKN-1  in regulating the adaptive response to H2O2 exposure [23]. (a) 
Pretreatment with 10  mM H2O2 causes an adaptive increase in SKN-1 nuclear localization. 
Representative images of L4 stage worms expressing an SKN-1::GFP transgene (idIS7) in 
intestinal nuclei following treatment with 10  mM H2O2. (b) Quantification of the number of 
fluorescent nuclei observed per worm following 10 mM H2O2 treatment (N = 20–30 worms). (c) 
Treatment with 1 μM H2O2 also causes an adaptive increase in SKN-1::GFP nuclear fluorescence. 
Worms were prepared as in (a), except worms were treated with 1 μM H2O2. (D) Quantification of 
the number of fluorescent nuclei observed per worm following 1 μM H2O2 treatment (N = 50–60 
worms). (E) RNAi knockdown of SKN-1 blunts the pretreatment-induced adaptive increase in 
oxidative stress tolerance. Percentage survival of either control or skn-1 RNAi-treated worms was 
measured following H2O2 pretreatment and challenge. (F) skn-1(zu67) mutants do not appear to 
have an H2O2 pretreatment-induced adaptive increase in oxidative stress tolerance. Adult skn-1 
mutant worms were pretreated and subsequently challenged with H2O2. (G) H2O2 pretreatment 
causes a skn-1-dependent adaptive increase in 20S subunit protein abundance, which is blunted in 
skn-1(zu67) mutants. Shown are representative Western blots and quantification of PAS-7 protein 
abundance in wild-type or skn-1 mutants 24 h after pretreatment with 1 μM H2O2 and in controls. 
Values are plotted as means (normalized to tubulin) ± SEM, N = 3. Values marked with an asterisk 
indicate statistically significant differences (P ≤  0.05) compared with controls using Student’s 
t-test
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14.3.4  Apoptosis Signaling Pathway

The core apoptosis signaling pathway contains CED-9/Bcl2, CED-4/Apaf1, and 
CED-3/Casp9, which can be triggered by CED-13, an alternative BH3-only protein. 
In nematodes, it was observed that pretreatment with paraquat (0.1  mM) could 
induce an adaptive response for nematodes against the following aging stress 
(Fig.  14.7) [25]. Moreover, it was found that mutation of ced-4, ced-3, or ced-9 
disrupted this induction of adaptive response against the aging stress (Fig. 14.7) 
[25]. In contrast, mutation of ced-13 or egl-1 did not affect this induction of adaptive 

Fig. 14.6 Stress resistance induced by germline DNA damage is mediated through MPK-1 [24]. 
(a) L4 larvae were exposed to 520 mJ/cm2 UVB or 90 Gy IR and subjected to heat stress. (b) 
Worms were grown at 25 °C and IR treated on day 1 of adulthood. Respective phospho-ERK signal 
was compared to tubulin. (Error bars = SD. In (a, b) n ≥ 100 for each experimental condition; 
***P < 0.0001, log-rank test)
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response against the aging stress (Fig. 14.7) [25]. These observations suggest the 
involvement of core apoptosis signaling pathway in the regulation of adaptive 
response in nematodes.

14.3.5  Catalases and RNA Interference

It was found that pretreatment with a mild H2O2 could induce a thermotolerance, a 
certain form of adaptive response [26]. In nematodes, ctl-2 encodes a catalase, a 
peroxisomal enzyme involved in the H2O2 elimination, and mutation of ctl-2 could 
suppress the induction of this adaptive response (Fig.  14.8) [25]. Meanwhile, 
mutation of dcr-1 encoding an ortholog of Dicer required for the RNA interference 
did not affect the induction of this adaptive response, and inhibited the function of 

Fig. 14.7 Lifespan extension by 0.1 mM paraquat (PQ) requires the intrinsic apoptosis pathway 
[25]. (a) Effect of 0.1 mM PQ treatment on the wild type. (b–f) Effects of 0.1 mM PQ treatment 
on: (b) ced-4(n1162), (c) ced-9(n1950 gf), (d) ced-3(n717), (e) ced-13(sv32), and (f) 
egl-1(n1084n3082)
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ctl-2 mutation in suppressing the induction of adaptive response (Fig. 14.8) [25], 
suggesting that CTL-2 acts upstream of DCR-1 to regulate the induction of adaptive 
response. Similarly, pash-1(RNAi) with the function to phenocopy the dcr-1(RNAi) 
also inhibited the function of ctl-2 mutation in suppressing the induction of adaptive 
response (Fig.  14.8) [25]. Therefore, various mild environmental toxicants- or 

Fig. 14.8 Loss of RNA interference rescues thermotolerance in nematodes with genetic defects of 
H2O2 disposal [26]. (a) Effect of dcr-1(RNAi) on thermotolerance of N2 and ctl-2(ok1137) worms. 
ctl-2(ok1137) worms exhibited significantly shorter survival (p  <  0.001), while other survivals 
were not significantly different (p > 0.2), compared to N2 control. (b) pash-1(RNAi) phenocopies 
dcr-1(RNAi) by inducing a significant increase in thermotolerance of ctl-2(ok1137) (p < 0.0001) 
compared to that of the EV control. (c) pash-1(RNAi) does not change thermotolerance of wild- 
type worms (p > 0.1) compared to that of the EV control. (d) pash-1(RNAi) extends thermotolerance 
independently of hsf-1 in ctl-2(ok1137) worms [p < 0.01 vs. pash-1/hsf-1(RNAi)]. (e) Effect of 
dcr-1(RNAi) on thermotolerance of N2 and prdx-2(gk169) worms. prdx-2(gk169) worms fed by 
EV exhibited significantly shorter (p < 0.0001), while those fed by dcr-1(RNAi) exhibited slightly 
longer survival (p < 0.05) compared to N2 control. Survival curves are representatives of three 
independent experiments giving similar results
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stresses-activated oxidative stress may induce the adaptive response to the subse-
quent toxicant or stress by modulating the RNA interference event in nematodes.

14.3.6  RAD-1 and RAD-2

In nematodes, pretreatment with oxygen could confer an adaptive response for nem-
atodes against the lethality imposed by the subsequent X-irradiation (Fig.  14.9) 
[27]. The mutants of rad-1 and rad-2 were susceptible to the UV and ionizing 

Fig. 14.9 Sensitivity of 
wild-type N2, rad-1 and 
rad-2 to X-rays with and 
without pre-exposure to 
90% of oxygen for 1 h 
[27]. N2, rad-1 and rad-2 
strains were irradiated at a 
dose of 300, 100 and 
60 Gy, respectively. Doses 
of X-rays were chosen to 
give an approximately 
equal survival in the two 
mutants and the wild-type 
animals. Vertical bars 
represent standard 
deviations. A total of 
40–190 animals were 
scored for each 
experiment. The circles 
represent the range of 
experimental values 
obtained for percent 
survival in a series of 
repeat experiments. 
Student’s t-test was used in 
statistical comparisons
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radiation, but not to the oxygen, and these two mutant nematodes did not show the 
induction of this adaptive response (Fig. 14.9) [27]. Moreover, it was found that 
treatment with oxygen could increase the expression of two heat shock protein 
genes (hsp16-1 and hsp16-48); however, mutation of rad-1 or rad-2 caused the 
decrease in the expression of these two genes [27], which implies that mutation of 
rad-1 or rad-2 may be attributed to inappropriate gene expression for the induction 
of adaptive response.

14.3.7  Metallothioneins (MTs)

In nematodes, it was observed that pretreatment with a mild heat-shock at L2-larva 
stage could effectively prevent the formation of neurobehavioral defects in metal 
(Pb) exposed nematodes at concentrations of 50 and 100  mM [28]. During the 
formation of adaptive response, the induction of mtl-1 and mtl-2 promoter activity 
and subsequent GFP expression were sharply increased in Pb (50 or 100  mM) 
exposed Pmtl-1::GFP and Pmtl-2::GFP transgenic adult nematodes after mild heat- 
shock treatment compared with those treated with mild heat-shock or metal exposure 
alone (Fig. 14.10) [28].

In nematodes, after pretreatment with a mild heat-shock, no noticeable increase 
of locomotion behaviors could be observed in Pb exposed mtl-1 or mtl-2 mutant 
nematodes (Fig. 14.11) [28], suggesting the crucial role of MTs in the regulation of 
induction of adaptive response. To confirm the crucial role of MTs in regulating the 
induction of adaptive response, rescue assays were performed. It was found that the 
defects of adaptive response to neurobehavioral toxicity induced by Pb exposure 
formed in mtl-1 and mtl-2 mutants could be rescued by the expression of mtl-1 and 
mtl-2 with the aid of their native promoters (Fig. 14.11) [28]. The overexpression of 
MTL-1 and MTL-2 at the L2-larval stage could suppress the toxicity on locomotion 
behaviors in Pb exposed nematodes [28], which further demonstrates the important 
protective function of MTs for nematodes.

14.3.8  20S Proteasome

During the induction of adaptive response to H2O2 exposure, pretreatment of mild 
H2O2 could increase the expression of PAS-7, a 20S proteasome subunit, but not the 
RPN-10, proteasome regulatory particle non-ATPase-like 10, a key component of 
the 26S proteasome (Fig.  14.12) [23], suggesting that the 20S but not the 26S 
proteasome may be involved in the regulation of adaptive response induction. 
Moreover, RNAi knockdown of other genes (pas-5, pbs-3, pbs-5, and pbs-6) 
encoding the 20S proteasome could further suppress the induction of adaptive 
response to the toxicity of H2O2 exposure in reducing survival (Fig. 14.12) [23], 
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Fig. 14.10 Induction of metallothionein gene expression during the formation of cross-adaptation 
response to neurobehavioral toxicity induced by Pb exposure [28]. (a) Induction of green 
fluorescence protein in the Pmtl-1::GFP and Pmtl-2::GFP transgenic nematodes. (b) mtl-1 and 
mtl-2 transcription assay. Relative expression ratio (between mtl-1 or mtl-2 gene and ubq-1 
reference gene) in treatments are normalized to the control. L2-stage larvae animals were heat 
stressed for 1 h at 36 °C. The exposed metal concentrations were 50 and 100 mM. Bars represent 
means ± S.D
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which further supports the important role of 20S proteasome in the regulation of 
adaptive response induction in nematodes.

14.3.9  HPL-2 and Endoplasmic Reticulum Unfolded Protein 
Response (ER UPR)

In nematodes, a mild ER stress could protect against the subsequent acute stress 
(Fig.  14.13) [29]. HPL-2, homolog of heterochromatin protein 1 (HP1), 
downregulated the UPR in the intestine, and this induction of adaptive response 
could not be observed in hpl-2 mutant nematodes (Fig.  14.13) [29]. One of the 
underlying mechanisms is that the inactivation of HPL-2 already resulted in an 
enhanced resistance to the ER stress [29]. Another possible underlying mechanism 
is that mutation of hpl-2 was associated with the increase in expressions of XBP-1 
and ER chaperone under physiological conditions [29]. Meanwhile, it was observed 
that the ER stress preconditioning induced the increase in expressions of UPR 
reporters of both hsp-4p::GFP and ckb-2p::GFP (Fig. 14.13) [29]. These results 
suggest the important roles of HPL-2 and ER UPR in inducing the adaptive response 
in nematodes.

Fig. 14.11 The defects of adaptive response to neurobehavioral toxicity induced by Pb exposure 
in mtl-1(tm1770) and mtl-2(gk125) mutants can be rescued by the expression of mtl-1 and mtl-2 
with their native promoters [28]. L2-stage larvae animals were heat stressed for 1 h at 36 °C. The 
exposed metal concentrations were 50 and 100 mM. The plasmids were injected as a mix at 20 ng/
ml using Pdop-1::rfp as a transgenic marker. Bars represent means 6 S.D. ** p < 0.01 vs metal
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14.3.10  Germline Signals

It was found that no elevated heat stress resistance upon UV or IR pretreatment 
could be formed in germline-less glp-1 mutant nematodes (Fig.  14.14) [24]. 
Meanwhile, pretreatment with IR significantly increased the expression of phospho-
ERK, and mutation of glp-1 blocked this induction (Fig. 14.6) [24], which suggests 
that the stress resistance induced by germline DNA damage is mediated through the 
function of MPK-1 in ERK MAPK signaling pathway.

Fig. 14.12 Role of 20S proteasome in the regulation of adaptive response to H2O2 [23]. (a) H2O2 
pretreatment causes an adaptive increase in the expression of the 20S proteasome (PAS-7) but not 
the 26S proteasome (19S regulator RPN-10). Triplicate samples of N2 worms were pretreated with 
the indicated concentrations of H2O2. Worms were then lysed 24 h later, and the lysate was analyzed 
by Western blotting. (b) Samples were prepared as in (a), in triplicate. Values are plotted as means 
(normalized to β-tubulin) ± SEM, N = 3. (c) Blocking the H2O2-induced adaptive increase in the 
20S proteasome blunts the pretreatment-induced increase in oxidative stress tolerance. Worms 
were cultured on the indicated RNA interference (RNAi) plates for 6 h and then pretreated with 
1 μM H2O2 for 1 h, after which worms were returned to RNAi plates for 24 h. Worms were then 
challenged with H2O2, and survival was scored. All values are means ± SEM, N = 3. Values marked 
with an asterisk indicate statistically significant differences (P ≤ 0.05) using Student’s t-test
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In nematodes, pathogen infection can potentially cause the toxicity and the 
innate immune response as indicated by the alterations in antimicrobial proteins 
[30–35]. It was further observed that the gene expression changes upon the UV and 
the IR were significantly correlated with the alteration in pathogen infection- induced 
transcriptomes (Fig.  14.14) [24], implying the possible similarities between the 
DNA damage and the innate immune responses. Both the glp-1 and the mpk-1 
mutations failed to induce their expression following the UV or the IR treatment 
(Fig. 14.14) [24]. Meanwhile, these immune factors could be strongly induced in 
the germlines isolated from UV and IR treated nematodes (Fig.  14.14) [24]. 
Therefore, the DNA damage-induced MPK-1 activation in germline may lead to the 
induction of putative secreted immune peptides in UV or IR treated nematodes. 
Moreover, it was found that the innate immune responses triggered the UPS 
activation (as indicated by sur-5::UbV-GFP reporter expression) to confer the stress 
resistance [24], which further confirms this assumption.

Fig. 14.13 Mild ER stress protects against subsequent acute stress [29]. (a) WT young adult 
worms were grown on plates containing sublethal doses of TM (0.5  μg/mL, pretreatment) or 
control plates without TM (no pretreatment) for 24  h and then transferred onto fresh plates 
containing the indicated concentrations of TM and allowed to lay eggs. The graph represents the 
mean of three independent experiments. Two-way ANOVA with factor treatment (various doses of 
TM) and pretreatment (none vs 0.5 μg/mL TM) (*P value ≤0.05). (b) Preconditioning does not 
further enhance survival of hpl-2 animals. (c) ER stress preconditioning induces the UPR. Animals 
expressing hsp-4p::GFP and ckb-2p::GFP UPR reporters were treated with the indicated dose of 
TM for 24 h and observed with a Zeiss AxioPlan. For both reporters, strongest expression was 
observed in the intestine. All images were taken with the same exposure time using MetaMorph 
software. Individual panels were assembled from two or more images using Adobe Photoshop.
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14.4  Perspectives

It has been widely accepted that the adaption can be activated in response to various 
environmental toxicants or stresses in nematodes. Some relevant important 
molecular signaling pathways involved in the regulation of adaptive response 
induction have also been identified in nematodes. Nevertheless, it is still largely 
unclear whether pretreatment with a mild toxicant or stress can induce an adaptive 
response to all subsequent environmental toxicants or stresses. If the answer is YES, 

Fig. 14.14 Somatic stress resistance upon DNA damage in germ cells is mediated through MPK- 
1- induced functional innate immune response [24]. (a) Pearson correlation analysis of significantly 
induced genes upon UV treatment with transcriptomes upon IR, pathogen infections (MN M. 
nematophilum, PA P. aeruginosa, BS B. subtilis), and pmk-1 mutants. (b) Gene expression was 
assayed by qPCR 6 h post-UV and IR treatment. (c) Germlines were dissected 1–2 h post-UVB 
(520 mJ/cm2) or IR (90 Gy) for qPCR analysis. (d) L4 larvae were treated with 90 Gy IR or placed 
for 10 h on B. subtilis and 24 h later exposed to P. aeruginosa. (e) Young adults were treated with 
90 Gy IR or P. aeruginosa for 4 h and 24 h later exposed to heat stress. (Error bars = SD. N ≥ 100 
for each experimental condition (d, e); ***P < 0.0001, log-rank test)
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the conserved molecular mechanisms for the induction of adaptive response are 
needed to be further determined. If the answer is NO, how the nematodes recognize 
the subsequent different environmental toxicants or stresses through the adaptive 
response? Besides these, the transition between the adaptive response induction and 
the toxicity induction from certain doses of environmental toxicants or stresses and 
the possible underlying mechanisms are also an important and tough question 
needed to be further solved.
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Chapter 15
Molecular Basis for Transgenerational 
Toxicity Induction of Environmental 
Toxicants or Stresses

Abstract In the recent years, the underlying mechanisms for transgenerational tox-
icity of environmental toxicants or stresses have received more and more attention. 
We here introduced the molecular alterations during the formation of transgenera-
tional toxicity of environmental toxicants or stresses. We also introduced molecular 
signal- and epigenetic signal-mediated molecular mechanisms for transgenerational 
toxicity of environmental toxicants or stresses. Moreover, we discussed the crucial 
role of intestinal barrier against the formation of transgenerational toxicity of envi-
ronmental toxicants or stresses in nematodes.

Keywords Molecular basis · Transgenerational toxicity · Caenorhabditis elegans

15.1  Introduction

In nematode Caenorhabditis elegans, many environmental toxicants or stresses can 
cause the toxicity at different aspects and to different degrees on animals [1–13]. 
Moreover, it has been observed that some aspects of toxicity formed in environmen-
tal toxicant- or stress-exposed nematodes can be further transferred from the parents 
to their progeny [14–25]. In the recent years, the underlying molecular mechanisms 
for the induction of transgenerational toxicity of environmental toxicants or stresses 
have gradually received the attention in nematodes.

In this chapter, we first introduced the molecular alterations during the formation 
of transgenerational toxicity of environmental toxicants or stresses. Again, we dis-
cussed the crucial role of intestinal barrier against the formation of transgenera-
tional toxicity of environmental toxicants or stresses. Moreover, we introduced and 
discussed both the molecular signals and the epigenetic signals involved in the regu-
lation of transgenerational toxicity of environmental toxicants or stresses. The sys-
tematic determination on the mechanisms of transgenerational toxicity of 
environmental toxicants or stresses may help us open another important window to 
understand the molecular mechanisms of toxicity induction from environmental 
toxicants or stresses.
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15.2  Molecular Alterations During the Formation 
of Transgenerational Toxicity of Environmental 
Toxicants or Stresses

15.2.1  Environmental Toxicant- or Stress-Induced 
Transgenerational Gene Expression Profiles

Bisphenol A (BPA) exposure could cause the transgenerational toxicity on nema-
todes [26]. In the first generation, BPA could increase the expressions of most of the 
examined genes required for the control of oxidative stress and stress response, and 
the increased genes included those of hsp, sod, and mtl genes (Fig. 15.1) [26]. In the 
fourth generation of BPA-exposed nematodes, although many of the examined 
genes were still upregulated, BPA exposure induced the more obvious increase in 
the expressions of tested genes in the first generation than those in the fourth gen-
eration (Fig.  15.1) [26], which may reflect an adaptive response or evolutionary 
response formed in the fourth generation.

Fig. 15.1 Integrated gene expression profiles tested in C. elegans from the G1 and G4 generation 
[26]. Values of stress-related gene expression were normalized using actin mRNA and represent 
means (n = 3) relative to the control
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15.2.2  Environmental Toxicant- or Stress-Induced 
Transgenerational microRNA (miRNA) Expression 
Profiles

Environmental exposure to nicotine could cause adverse effects on nematodes [27]. 
Meanwhile, exposure to nicotine even at the low dose induced a globally dysregu-
lated expression profiles of miRNAs (Fig. 15.2) [27]. Moreover, in the F1 and the 
F2 generation of nicotine-exposed nematodes, the dysregulated expression profiles 
of miRNAs could also be detected (Fig. 15.2) [27]. The dysregulation of some miR-
NAs could be observed across two or more generations from the beginning of 
nicotine- exposed nematodes [27]. These observations suggest the potential involve-
ment of miRNAs in the regulation of transgenerational toxicity induction of envi-
ronmental toxicants or stresses in nematodes.

15.3  Crucial Role of Intestinal Barrier 
Against the Formation of Transgenerational Toxicity 
of Environmental Toxicants or Stresses

The intestinal barrier plays a key role in being against the toxicity of environmental 
toxicants or stresses in nematodes [28, 29]. With CdTe quantum dots (CdTe QDs), 
an engineered nanomaterial, as an example, exposure to CdTe QDs (2.5–20 mg/L) 
could result in the transgenerational toxicity [30]. In CdTe QD-exposed nematodes, 
CdTe QD particles were accumulated in the pharynx, the intestine, the reproductive 
organs such as the gonad, and the embryos of the exposed animals, and the CdTe 
QD signals could be detected in the F1 generation [30]. ZnS coating could reduce 
the toxicity of CdTe QDs, and the main cellular basis for this beneficial function 
was to maintain the normal function of intestinal barrier [30], suggesting the crucial 
role of intestinal barrier against the transgenerational toxicity of CdTe QDs.

In nematodes, clk-1 encodes a demethoxyubiquinone hydroxylase required for 
the biosynthesis of ubiquinone, isp-1 encodes a subunit of mitochondrial complex 
III, and daf-2 encodes an insulin receptor. Exposure to CdTe QDs (20 mg/L) could 
increase the transcriptional expressions of clk-1, isp-1, or daf-2 in wild-type nema-
todes [30]. Meanwhile, mutation of clk-1, isp-1, or daf-2 caused the resistance to the 
toxicity of CdTe QDs in decreasing locomotion behavior and in inducing intestinal 
ROS production (Fig.  15.3) [30], suggesting that CLK-1-, ISP-1-, and DAF-2- 
mediated signaling pathways act as important molecular basis for transgenerational 
toxicity induction of CdTe QDs. Moreover, it was found that intestinal-specific 
RNAi knockdown of clk-1, isp-1, or daf-2 also led to the resistance of nematodes to 
the toxicity of CdTe QDs in decreasing locomotion behavior and in inducing intes-
tinal ROS production (Fig. 15.3) [30]. Additionally, no obvious toxicity of CdTe 
QDs in inducing intestinal ROS production was observed in the progeny of exposed 
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nematodes with intestinal-specific RNAi knockdown of clk-1, isp-1, or daf-2 [30]. 
Therefore, intestinal CLK-1, ISP-1, and DAF-2 regulate the induction of transgen-
erational CdTe QDs toxicity by modulating the functional state of intestinal barrier 
in nematodes.

Fig. 15.2 Nicotine altered the miRNA expression profiles across generations in a dose-dependent 
manner [27]. (a) Nicotine significantly altered the expression levels of 31 miRNAs in the F1 worm 
population. (b) Nicotine significantly altered the expression levels of 16 miRNAs in the F2 worm 
population. (c) A Venn diagram showing the number of the miRNAs with differentially altered 
expression levels shared in L4 larvae belonging to the three generations (F0, F1, and F2). P < 0.05. 
(*, β denote statistically significant changes in response to high (20 mM) and low (20 mM) nico-
tine concentrations, respectively). All comparisons were based on control
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Moreover, it was observed that intestinal-specific RNAi knockdown of clk-1, 
isp- 1, or daf-2 only caused the moderate accumulation of CdTe QDs particles in the 
intestine of exposed nematodes (Fig.  15.4) [30]. Additionally, no obvious CdTe 
QDs signals were detected in the progeny of CdTe QDs expose nematodes with 
intestinal-specific RNAi knockdown of clk-1, isp-1, or daf-2 (Fig. 15.4) [30]. That 
is, the intestinal-specific RNAi knockdown of clk-1, isp-1, or daf-2 can prevent the 
translocation of CdTe QDs from exposed nematodes to their progeny by maintain-
ing the normal physiological state of intestinal barrier.

Fig. 15.3 Effects of clk-1, isp-1, or daf-2 gene mutation on toxicity formation of CdTe QDs in 
nematodes [30]. (a) Effects of clk-1, isp-1, or daf-2 gene mutation on toxicity of CdTe QDs on 
locomotion behavior in nematodes. (b) Effects of clk-1, isp-1, or daf-2 gene mutation on toxicity 
of CdTe QDs in inducing intestinal ROS production in nematodes. (c) Effects of intestine-specific 
RNAi of clk-1, isp-1, or daf-2 gene on toxicity of CdTe QDs in inducing intestinal ROS production 
in nematodes. RNAi control, VP303. Exposure concentration of CdTe QDs was 20 mg/L. QDs 
quantum dots. Bars represent means ± SEM. **P < 0.01 vs. control
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15.4  Molecular Signals for RNA Inheritance Are Involved 
in the Regulation of Transgenerational Toxicity 
of Environmental Toxicants or Stresses

15.4.1  RNA Inheritance and Transgenerational Toxicity 
of Heat Stress

The siRNA functions in mediating transgenerational gene silencing through a germ-
line nuclear RNAi pathway. In nematodes, HRDE-1 is a germline nuclear AGO 
protein. Based on the 12-generation temperature-shift experiments, HRDE-1 might 
play an epigenetic role in repressing the heat stress-induced transcriptional activa-
tion of over 280 genes, and many of the related genes were in or near LTR (long- 
terminal repeat) retrotransposons [31]. Moreover, some of the heat stress-induced 
transcriptional activation in hrde-1 mutant nematodes was intensified in the late 
generations under heat stress condition and could be heritable for at least two gen-
erations after the shift back to lower temperature [31]. Therefore, the germline 
nuclear RNAi may regulate heat stress response by antagonizing the temperature 
effect at the transcriptional level in nematodes.

Fig. 15.4 Effects of intestine-specific RNAi of clk-1, isp-1, or daf-2 gene on the distribution and 
translocation of CdTe QDs in nematodes [30]. Arrowheads indicate the intestine. Pharynx (*) in 
the head, embryos (*) in the mid-region, and gonad (**) in the mid-region were also indicated. 
RNAi control, VP303. Exposure concentration of CdTe QDs was 20 mg/L. P0, parents; F1, the 
filial generation. QDs quantum dots
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15.4.2  RNA Inheritance and Transgenerational Toxicity 
of Pathogen Infection

Environmental pathogens can potentially cause the adverse effects at different 
aspects on organisms, including the nematodes [32–40]. The nematodes were 
recently found to enter the diapause state in the F2 generation as a defense strategy 
against the moderate pathogen infection [41]. The formation of a diapause stage in 
the second generation was a response for nematodes to the infection by pathogens 
with moderate virulences, since the pathogen-induced dauer formation in the sec-
ond generation was found to be dependent on the bacterial virulence [41]. In the 
second generation of nematodes infected with pathogen, the developmental transi-
tion to dauer formation occurred, and the dauer formation in response to pathogen-
esis required the persistent intestinal pathogen colonization [41]. Moreover, it was 
observed that the information for dauer formation could be transmitted transgenera-
tionally to the progeny through the maternal germline (Fig. 15.5) [41].

Moreover, it was found that the RNA interference was required for defense 
against pathogen infection. The growth of more than half of the RNAi-defective 
mutant nematodes tested was affected on P. aeruginosa PAO1 (Fig. 15.6) [41], sug-
gesting that the RNAi machinery is necessary for the defense against pathogen 
infection. Furthermore, the RNAi machinery was required for communicating the 
dauer formation information transgenerationally [41]. Pathogen infection could 
induce the nuclear expression of DAF-16::GFP in the late F1 larvae and the F2 
embryos; however, this DAF-16 activation was independent of the RNA  interference 

Fig. 15.5 Dauer formation under pathogenesis is transmitted to the progeny through the maternal 
germline [41]. (a) Schematic representation of the experimental strategy used for identifying 
which germline carries the information to form dauers in the progeny. (b) Dauer formation on self- 
and crossed progeny
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pathway [41]. These results suggest that the information encoding this survival 
strategy to enter the diapause state can be transmitted transgenerationally to the 
progeny via the maternal germline in nematodes.

15.5  Epigenetic Regulation of Transgenerational Toxicity 
of Environmental Toxicants or Stresses

15.5.1  Role of H3K4 Dimethylation

Exposure to arsenite could cause the transgenerational toxicity at least in reducing 
the brood size in nematodes [42]. Meanwhile, it was observed that the transcrip-
tional expression of spr-5 encoding a H3K4me2 demethylase LSD/KDM1 was sig-
nificantly reduced in F0-exposed generation and the subsequent F1–F3 generations 
of arsenite-exposed nematodes [42]. Moreover, it was found that the dimethylation 
of global H3K4 was increased in F0–F3 generations of arsenite-exposed nematodes 

Fig. 15.6 RNAi effectors are needed for pathogen resistance and dauer formation as a transgen-
erational defense [41]. (a–c) Growth of RNAi mutant animals on E. coli OP50 (a), S. Typhimurium 
MST1 (b), and P. aeruginosa PAO1 (c) as the percentage of wild-type N2 growth under each 
condition. (d, e) Dauer formation of RNAi mutant animals on S. Typhimurium MST1 (d) and P. 
aeruginosa PAO1 (e). ****, P < 0.0001; ***, P < 0.001; **, P < 0.005; *, P < 0.05. Error bars 
indicate SEM of at least three biological replicas done in triplicates
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(Fig. 15.7) [42]. These observations imply the possible association between trans-
generational toxicity of arsenite and H3K4 dimethylation in nematodes.

In nematodes, the transcriptional factors of DAF-16/FOXO and HSF-1  in the 
parental somatic tissues were found to mediate the formation of epigenetic memory 
of transgenerational response (Fig.  15.8) [43]. The histone H3K4me3 regulatory 
complex contains ASH-2, WDR-5, and SET-2. It was further found that the function 
of DAF-16 and HSF-1 was maintained through the histone H3 lysine 4 trimethylase 
complex in the germline across the generations (Fig.  15.8) [43], suggesting the 
requirement of histone modifiers for the transgenerational inheritance.

The germ-to-soma communications existed for the control of transgenerational 
response in nematodes [43]. The elicitation of epigenetic memory also required the 
transcription factor SKN-1/Nrf [43]. Tissue-specific activity analysis indicated that 
DAF-16 and HSF-1 acted in several somatic tissues other than intestine and neurons 
to regulate the transgenerational response, and SKN-1 acted in somatic tissues, 
especially in intestine and neurons, to regulate the transgenerational response [43]. 
Different from these, the H3K4me3 complex acted in the germline to maintain and 
to transmit the epigenetic memory for transgenerational response [43]. An overview 

Fig. 15.7 Multigenerational effect of arsenite exposure on dimethylated histone H3K4 level in C. 
elegans for all generations (F0–F5) [42], F0–F5 generation nematodes were cultured as described 
in the text. Total histones were extracted from adult worms (F0–F5), and the dimethylated histone 
H3K4 level was analyzed by use of the EpiQuik global dimethyl histone H3K4 quantification kit. 
Normalization was ensured by adding 500 ng of total histones for each sample. Nonexposed con-
trol nematodes were also followed over six generations. Exposed individuals (F1–F5) were com-
pared to the pool of nonexposed controls of all generations. Statistical significance was calculated 
by Tukey’s test, and bars represent standard errors of the mean (SEM), with different lowercase 
letters representing statistical differences (p < 0.05)
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Fig. 15.8 The H3K4me3 complex and two transcription factors are required for the transgenera-
tional inheritance [43]. (a, b) Oxidative stress resistance (1.7 mM H2O2) of the stressed P0 parents 
treated with RNAi (left, empty vector (control); middle, utx-1; right, wdr-5.1 on day 2 adulthood 
(a) and the self-fertilized F1 descendants on day 1 adulthood (b) compared with control groups. 
Two independent experiments are integrated into each survival curve (n = 60). (c) wdr-5.1 RNAi 
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model for the control of epigenetic memory for transgenerational response to envi-
ronmental stimuli was summarized in Fig. 15.9 [43].

15.5.2  Role of H3K9 Methylation

In nematodes, exposure to Iranian heavy crude oil (IHC) could induce the transgen-
erational toxicity at least in reducing the reproduction capacity [44]. Meanwhile, the 
decreased methylation of histone H3 (H3K9), not the H3K4, H3K27, and H3K36, 
was detected in IHC-exposed nematodes (Fig. 15.10) [44]. The transgenerational 
toxicity of IHC in reducing brood size was not found in a H3K9 histone methyl-
transferase (HMT) mutant, met-2(n4256) [44], suggesting a potential role of H3K9 
HMT in regulating the transgenerational toxicity of environmental toxicants or 
stresses in nematodes.

In nematodes, it was further observed that the temperature-induced change in 
expression from a heterochromatic gene array could endure for at least 14 genera-
tions (Fig. 15.11) [45]. In details, the 14 generation memory of high temperature 
could be detected in nematodes (Fig. 15.11) [45].

In nematodes, the transgenerational inheritance was primarily in cis with locus 
and occurred through both the oocytes and the sperm [45]. The analysis on the 
H3K9me changes indicated that this transgenerational inheritance was associated 
with the altered trimethylation of histone H3 lysine 9 (H3K9me3) before the onset 
of zygotic transcription [45]. The high temperature during germline development 
could result in the depletion of H3K9me3 [45]. SET-25, a putative histone methyl-
transferase, is responsible for H3K9me3 and required for the maintenance of 
piRNA-initiated stable gene silencing in nematodes. It was found that inactivating 
set-25 could increase the expression from the heterochromatic gene array (Fig. 15.12) 
[45], which suggests that the repression of heterochromatic gene array at low tem-
perature and the epigenetic expression memory of endogenous loci required the 
SET-25. These results imply that the long-lasting epigenetic memory of environ-
mental toxicants or stresses is possible in nematodes. During this process, SET-25 
activity is reduced at high temperature, resulting in the derepression of loci in the 
genome [45]. Different from this, after a return to low temperature, SET-25 activity 
needs multiple generations for the repression to be completely reestablished [45].

Fig. 15.8 (continued) treatment in F1 descendants from the stressed P0 parents leads to the sup-
pression of the increase in the oxidative stress resistance. Three independent experiments are inte-
grated into each survival curve (n = 90). (d, e) Oxidative stress resistance (1.7 mM H2O2) of the 
stressed P0 parents on day 2 adulthood treated with RNAi of indicated genes (d) and the self-fer-
tilized F1 descendants on day 1 adulthood (e) compared with control groups. (f) daf-16 or hsf-1 
RNAi treatment performed in the F1 descendants does not compromise the increased resistance, 
whereas skn-1 RNAi leads to the suppression of the increase in the oxidative stress resistance. Two 
independent experiments are integrated into each survival curve (n = 60). P values were calculated 
by log-rank test
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15.6  Transgenerational Hormesis and Insulin Signaling 
Pathway

In nematodes, it was observed that parental exposure to mild osmotic stress could 
protect the progeny from the effects of strong osmotic stress, and this transgenera-
tional hormesis required the DAF-2 activation [46]. Like parental exposure to the 
mild osmotic stress, reduction in maternal intestinal insulin signaling protected the 
progeny from the effects of strong osmotic stress [47], suggesting a link between 
maternal insulin signaling and progeny physiology in nematodes.

Fig. 15.9 Overview model of transgenerational inheritance of epigenetic memory in response to 
environmental stimuli [43]. In the P0 generation, somatic DAF-16 and HSF-1 communicate with 
the H3K4me3 complex in the germline so as to regulate and maintain epigenetic alterations associ-
ated with inheritable acquired traits, and the H3K4me3 complex in the filial germline then trans-
fers hormetic information to SKN-1 of the somatic tissues
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It was found that the glycerol biosynthetic enzyme GPDH-2 was required for 
parental exposure to 300  mM NaCl to protect the progeny from 500  mM NaCl 
(Fig. 15.13) [47], suggesting that the increased level of glycerol is required for the 
adaptation to osmotic stress. The daf-2 mutant nematodes do not deposit more glyc-
erol into the embryos [47]. Moreover, GPDH-2 was required for the reduced mater-
nal insulin signaling to protect the progeny from the developmental arrest 
(Fig. 15.13), implying that the inhibition of maternal insulin signaling results in an 
increased glycerol production in the embryos. This observation further reveals a 
link between maternal insulin signaling and progeny metabolism in nematodes. For 
the underlying molecular mechanism, it was further found that the insulin signaling 
to the maternal germline modified the progeny response to osmotic stress by regu-
lating the signaling cascade of RAS-ERK [47].

15.7  Perspectives

In this chapter, we introduced and discussed the molecular basis for the transgenera-
tional toxicity of environmental toxicants or stresses in nematodes. As introduced 
above, so far, the related information for the molecular basis of transgenerational 
toxicity of environmental toxicants or stresses is still limited in nematodes. The 
obtained or detected molecular alterations during the formation of transgenerational 

Fig. 15.10 Total methylation status of histone H3 (H3K4, H3K9, H3K27, and H3K36) in C. ele-
gans exposed to IHC in the three treatment groups (PE, PL, and WE) [44]. Methylation of each 
histone residue was normalized according to the total histone 3 value (total H3 = 1, n = 3; mean ± 
standard error of the mean; *p < 0.05)
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toxicity of environmental toxicants or stresses may provide some useful clues for 
the further elucidation.

Among the obtained information for molecular basis of transgenerational toxic-
ity of environmental toxicants or stresses, most of them are on the epigenetic regula-
tion. The core molecular network organized by epigenetic signals and molecular 
signals is suggested to be further examined during the induction of transgenera-
tional toxicity of environmental toxicants or stresses.

Fig. 15.11 Fourteen generation memory of high temperature [45]. (a) Adult expression of a daf- 
21p::mCHERRY-integrated multicopy transgene at 20 °C after five generations at 25 °C. Scale bar, 
0.1 mm. Stage-matched worms at 20 °C are used as a reference for normalization (black). False 
discovery rates (FDR) q values: ****q  <  0.0001; ***q  <  0.001; ns, q  >  0.05 (Wilcoxon test). 
Sample size indicated. (b) Expression in embryos from animals transferred to 20 °C at the L4 
larval stage (inset: quantification at 500 min). Arrowhead indicates start of zygotic transcription of 
the transgene. Transmission occurs through oocytes (c) and sperm (d) and in cis with the locus (e). 
Intensities normalized to the “low” (low-expression) population; sample size and P value for 
Hartigans’ dip test for unimodality. (b) (Inset), (c, d) ****P < 0.0001
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We here further discussed the crucial role of intestinal barrier for the nematodes 
against transgenerational toxicity of environmental toxicants or stresses. 
Nevertheless, the potential crucial roles of other biological barriers, such as repro-
duction related biological barrier(s), in being against the transgenerational toxicity 
of environmental toxicants or stresses is still largely unclear in nematodes.

Fig. 15.12 Requirement for SET-25 [45]. (a) Quantification of daf-21p::mCHERRY expression in 
L4 larvae at 20 and 25 °C in WT and set-25 mutants. (b) Expression of a paternally derived trans-
gene in the adult progeny of WT and set-25 mutant mothers. A common batch of low- and 
(temperature- induced) high-expressing males was used. (c) Quantification of daf-21p::mCHERRY 
expression in the self-progeny (F1) of parental (P0) animals sorted into high and low groups based 
on transgene expression at the L4 stage in WT and set-25 mutants. ****P < 0.0001; ns not signifi-
cant. (a, b) Scale bars, 0.2 mm
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