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Abstract: Mitochondrial alterations have been documented for many years in the brains of Parkinson’s disease 
(PD), a disorder that is characterized by the selective loss of dopamine neurons. Recent studies have demonstrated 
that Parkinson’s disease-associated proteins are either present in mitochondria or translocated into mitochon-
dria in response to stress, further reinforcing the importance of the mitochondrial function in the pathogenesis 
of Parkinson’s disease. Exposure to environmental chemicals such as pesticides and heavy metals has been sug-
gested as risk factors in the development of Parkinson’s disease. It has been reported that a number of environmen-
tal agents including tobacco smoke and perfluorinated compounds, pesticides, as well as metals (Mn2+ and Pb2+) 
modulate mitochondrial function. However the exact mechanism of mitochondrial alteration has not been defined in 
the context of the development and progression of Parkinson’s disease. The complexity of the mammalian system 
has made it difficult to dissect the molecular components involved in the pathogenesis of Parkinson’s disease. In 
the present study we used the nematode Caenorhabditis elegans (C. elegans) model of neuron degeneration and 
investigated the effect of environmental chemicals on mitochondrial biogenesis and mitochondrial gene regulation. 
Chronic exposure to low concentration (2 or 4 µM) of pesticide rotenone, resulted in significant loss of dopamine 
neuron in C. elegans, a classic feature of Parkinson’s disease. We then determined if the rotenone-induced neuron 
degeneration is accompanied by a change in mitochondria biogenesis. Analysis of mitochondrial genomic replica-
tion by quantitative PCR showed a dramatic decrease in mitochondrial DNA (mtDNA) copies of rotenone-treated C. 
elegans compared to control. This decreased mitochondrial biogenesis occurred prior to the development of loss 
of dopamine neurons, and was persistent. The inhibition of mtDNA replication was also found in C. elegans ex-
posed to another neuron toxicant Mn2+ at the concentration 50 or 100 mM. We further examined the mitochondrial 
gene expression and found significant lower level of mitochondrial complex IV subunits COI and COII in C. elegans 
exposed to rotenone. These results demonstrate that environmental chemicals cause persistent suppression of 
mitochondrial biogenesis and mitochondrial gene expression, and suggest a critical role of modifying mitochondrial 
biogenesis in toxicants-induced neuron degeneration in C. elegans model.
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Introduction

Environmental exposure has been linked posi-
tively with neurodegenerative disorders such 
as Parkinson’s disease (PD). Parkinson’s dis-
ease is the second most prevalent neurodegen-
erative disorder, characterized by the selective 
loss of dopamine neurons in the substantia 
nigra [1]. Although the role of the dopamine 
neurons in idiopathic pathogenesis of 
Parkinson’s disease remains unclear, studies 

suggest both genetic and environmental fac-
tors interact and contribute to the development 
of the Parkinson’s disease [2]. Exposures to 
pesticides and heavy metals have been sug-
gested to be associated with neuron toxicity 
and increased Parkinson’s disease in humans 
[3, 4]. Chronic exposure to the heavy metals, 
Mn2+, Cu2+, and Pb2+, for instance, has been 
reported to increase the likelihood of 
Parkinson’s disease [5]. Similarly, epidemiologi-
cal studies have suggested that exposure to 
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pesticides including rotenone, maneb and 
paraquat has been associated with increased 
risk of development of Parkinson’s disease [3, 
4]. While the precise molecular mechanisms by 
which these environmental toxicants induce 
dopamine neuron degeneration are unknown, 
impact on mitochondrial function has been pro-
posed to be a crucial event in the etiology and 
development of Parkinson’s disease [6]. Due, in 
part, to the complexity of the vertebrate brain, 
the exact molecular mechanism behind the 
mitochondrial alteration has not been fully 
described in vivo which makes it difficult to dis-
sect pathologic pathways in the development 
of Parkinson’s disease and neurodegenerative 
disorders [7].

The role for the mitochondria as a target of 
environmental agents has been widely impli-
cated into the mechanism of chronic exposure 
to environmental toxicants. Both mitochondrial 
bioenergetics and mitochondrial genetic altera-
tions have been frequently observed in 
response to these environmental agents [8]. 
The molecular mechanisms of the effects of 
environmental chemicals on mitochondria 
include interfering with ATP production, induc-
ing oxidative stress, and interrupting cellular 
homeostasis and cell death pathways [9, 10]. 
Both animal studies and epidemiological inves-
tigation implicate mitochondrial dysfunction 
into the etiology and pathologies of Parkinson’s 
disease [6]. Characterization of Parkinson’s 
disease-associated genes Parkin, Pink1, 
LRRK2, DJ-1, and a-Synuclein reveals all these 
major Parkinson’s disease proteins are either 
expressed in mitochondria, or translocated into 
mitochondria under stress [11-13], suggesting 
the role of interaction between PD genetic 
alteration with mitochondria in the mechanism 
of the Parkinson’s disease development. A 
recent study in a genome-wide analysis 
revealed that the genes controlling bioenerget-
ics were underexpressed in Parkinson’s dis-
ease patients, while activation of nuclear-
encoded subunits of the mitochondrial respira-
tory chain blocked the dopaminergic neuron 
loss induced by genetic mutation [14], further 
supporting the importance of mitochondrial 
function in the mechanism of Parkinson’s dis-
ease and neurodegenerative disorders. 
Moreover, the mode of action or targeting sites 
on mitochondria varies dramatically among the 
different chemicals studied. Because of its 

short life cycle and ease to culture in the labo-
ratory, C elegans has been utilized in the study 
of Parkinson’s disease and mechanisms of tox-
icity. C elegans has well conserved mitochon-
drial functions, and share a lot of similarities in 
mitochondrial genome and gene regulation as 
in human. A number of human mitochondrial 
genes have homologs in the C. elegans [15]. 
The structure and function of the mitochondrial 
electron transport chain as well as many path-
ways of intermediate metabolism such as the 
Krebs cycle and many other signal transduction 
pathways are very well conserved between 
higher mammals and C. elegans [16]. The avail-
ability of the complete mtDNA and nuclear DNA 
sequences and well developed forward and 
reverse genetic approaches facilitate the rapid 
investigation of the gene functions in this nem-
atode. These features have made C elegans an 
excellent model to study mitochondrial gene 
regulation and function and the contribution of 
mitochondrial alteration in the mechanisms of 
neurotoxicity induced by environmental 
chemicals.

In the present study we investigated the effect 
of environmental chemicals on the mitochon-
drial genomic regulation using the C. elegans. 
We selected rotenone, a classic inhibitor of 
mitochondrial complex I as a model compound 
to examine [17]. The experiments were 
designed to chronically exposeto the worms to 
low concentrations (2 and 4 µM), and devel-
oped loss of DA neuron, characterized of 
Parkinsonism. The effect of rotenone on mito-
chondrial DNA replication and gene expression 
was examined at different time points prior to 
development of neuron degeneration. MtDNA 
replication was also examined in the C. elegans 
exposed to 50 or 100 mM of MnCl2, which has 
been demonstrated to induce neuron degener-
ation in previous studies [18]. We found both 
rotenone and Mn2+ induce an early and persis-
tent decrease in mitochondrial DNA content 
and suppress mitochondrial gene expression in 
C. elegans. These studies show that the C. ele-
gans provides opportunities for new insights 
into further investigating the mechanism of 
chemically induced neuron degeneration.

Materials and methods

C. elegans strain and maintenance

The C. elegans strain BY250 (Pdat-1:GFP) was 
kindly provided by Dr. Blakely of Vanderbilt 
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University. The C. elegans worms were cultured 
on bacterial lawns containing either OP50 or 
NA22 bacteria on NGM or 8P plates, respec-
tively, at 20°C according to standard methods 
[19, 20].

Toxicant exposures

Synchronized L1 stage worms were obtained by 
hypochlorite treatment of gravid adults fol-
lowed by incubation of the embryos in M9 buf-
fer for 18 h, and then washed three times with 
dH2O as described in previous studies [21, 22]. 
Chronic exposure protocol was utilized for rote-
none treatment. NGM plates were pre-coated 
with rotenone in DMSO to achieve a concentra-
tion of 2 or 4 µM. Rotenone at these concentra-
tions did not cause any mortality throughout 
the course of experiments. However, higher 
concentrations (>10 µM) delayed the develop-
ment of worms into the adult stage, and thus 
affected the examination of dopamine neurons. 
Washed L1 worms were then loaded on the 2 or 
4 µM rotenone-coated plates until the further 
experiments. An equal volume of DMSO was 
applied to NGM plates as a control. For MnCl2 
exposure, L1 worms (at 10 worms/µl) were 
incubated at 50 or 100 mM concentration at 
room temperature for 30 min. Incubation tubes 
were gently mixed every 10 min. Following the 
incubation, the worms were washed three 
times with dH2O, and then transferred onto 
NGM plates to culture until further experi-
ments. The concentration of MnCl2 was select-
ed based on a previous report that MnCl2 at the 
100 mM concentration caused dopamine neu-
ron degeneration [18]. 

Examination of neuron degeneration

Neuron degeneration in rotenone-exposed 
worms was examined under a dissecting fluo-
rescence microscope (Leica MZ 16FA, 
Switzerlad). Specifically, following toxicant 
exposure, worms were washed once with dH2O. 
About 50 worms were picked using a worm pick 
and immobilized with 2% sodium azide that was 
pre-dropped on 2% agarose pad on a micro-
scope slide. A coverslip was placed on top of 
the worms and DA neurons were examined with 
the fluorescence microscope. The four cephalic 
dendrites (CEPs) were examined from nerve 
ring to the tip of the nose. Worms were scored 
as positive for neuron degeneration when GFP 
in any part of the four CEPs was missing (Nass 

et al., 2002). The experiments were performed 
in triplicates, and the results were expressed 
presented as mean ± standard deviation. 
Imaging was recorded using a Nikon camera 
that was connected to the fluorescence micro- 
scope.

Genomic DNA extraction

Genomic DNA was isolated by phenol/chloro-
form method. Worm pellets were resuspended 
in 2 volume of lysis buffer containing 0.1 M Tris-
HCl pH 8.5, 0.1 M NaCl, 50 mM EDTA pH 8.0, 
and 1% SDS, and digested with proteinase K at 
65°C for 60 minutes. DNA was separated from 
proteins and other impurities by TE saturated 
Phenol:Chloroform. Following spinning in the 
tube in a bench top centrifuge at 4,000 g for 2 
minutes, aqueous layer was collected and 
transferred to a new 15 mL conical tube. DNA 
was precipitated with 95% EtOH and washed 
with ice cold 70% EtOH. After air-dry, DNA was 
resuspended in DNAase free water and stored 
at -80°C for further experiments.

RNA extraction and cDNA synthesis

Total RNA was extracted from synchronized C. 
elegans population using Trizol reagent as 
described previously with slight modifications 
[23]. Specifically, worms were collected from 
treatment or control plates by washing with 
water. The worm pellets were resuspended in 
Trizol (1 ml/100 μl compact worm pellet), and 
frozen and thawed at 37°C and -80°C twice. 
Chloroform was used to separate RNA from 
protein and other materials. And total RNA was 
precipitated with isopropyl alcohol. The RNA 
pellet was washed once with 70% ethanol and 
air-dried. The resultant RNA was dissolved in 
RNase-free water, and stored at -80°C for fur-
ther analysis. The RNA concentrations were 
measured using an ND-1000 spectrophotome-
ter (Nanodrop Technology, Wilmington, DE). 
cDNA was synthesized from RNA using Invi- 
trogen cDNA synthesis kit per manufacturer’s 
protocol.

Quantitative polymerase chain reaction (qPCR)

The mitochondrial DNA content was deter-
mined by amplification of a short mitochondrial 
DNA target with 7900HT Fast Real-time PCR 
Systems (Applied Biosystems). Amplification of 
mitochondrial and nuclear targets was per-
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formed using primers described previously, 
which are specific for C. elegans DNA [24]. 
Primers for nuclear target (9.3 kb) are, forward 
primer, 5’-TGGCTGGAACGAACCGAACCAT-3’; 
and reverse primer, 5’-GGCGGTTGTGGAGTGT- 
GGGAAG-3’; and for mitochondrial target, for-
ward primer, 5’-CACACCGGTGAGGTCTTTGGTT- 
3’; and reverse primer, 5’-TGTCCTCAAGGC- 
TACCACCTTCTTCA-3’. Two pairs of primers spe-
cific for C. elegans mitochondrial genes COI and 
COII were designed for mitochondrial gene 
expression using Primer 3 software. Mitoch- 
ondrial gene COI primers are forward 5’-GG- 
GATTTTCACGGGTGTTAC-3’, and reverse primer 
5’-CCCGTGTAGTCCTGCAAAAT-3’. The primers 
for COII are forward 5’-TGTTATTCATGCTTGGG- 
CATT-3’, and reverse primer 5’-TGCTCCA-
CAAATCTCTGAACAT-3’. The real-time PCR reac-
tions were performed in triplicate for each 
gene. DNA (5 ng) was used to amplify mitochon-
drial regions, whereas 5 ng of DNA was used to 
amplify nuclear gene GAPDH using primers 
described previously [18]. Mitochondrial DNA 
content was expressed as mtDNA/nDNA ratio. 
The mitochondrial gene expression level was 
presented as a fold change relative to the 
control.

Statistical analysis

Data were presented as mean ± SD of three 
individual experiments. Differences between 
treatment and control were evaluated using 
one-way ANOVA. A p value of < 0.05 was con-
sidered as significance.

Results

Chronic exposure to rotenone caused neuron 
degeneration in the C. elegans

Rotenone is a broad-spectrum insecticide. It is 
a mitochondrial respiratory complex I inhibitor, 
and has been demonstrated to induce the 
symptoms in mammalian models similar to 
human Parkinson’s disease [25]. In the present 
study, we continually exposed C. elegans to 
rotenone and examined its effect on dopamine 
neurons correlating with mitochondrial biogen-
esis. The transparent nature of C. elegans and 
the strain (BY250) expressing GFP dopamine 
neuron allowed us to examine dopamine neu-
rons under a dissecting fluorescence micro-
scope [22]. The synchronized L1 worms were 
plated on the NGM plates containing 2 or 4 µM 

of rotenone, and grew into adults when the 
examination of the dopamine neurons was per-
formed under a dissecting fluorescence micro-
scope. The concentration of 4 µM was opti-
mized as the highest concentration in the pres-
ent study, and higher concentrations induced 
significant inhibition of worm growth, and there-
fore were not suitable for chronic exposure. As 
shown in Figure 1, exposed adult worms dis-
played significant loss of dopamine neurons in 
a concentration-dependent manner. The rote-
none-induced neuron degeneration was char-
acterized by the missing of a part, or whole CEP 
of the DA neurons (Figure 1D and 1F), and 
about 35% of worms exposed to 4 µM of rote-
none exhibited DA neuron lesions (Figure 1G). 
However, no abnormal DA neurons were found 
at the early stage (24 or 48 h rotenone expo-
sure), indicating a late onset of neuron degen-
eration in response to the toxicant exposure.

Mitochondrial DNA replication is suppressed 
by rotenone and Mn2+

The effect of rotenone exposure on mitochon-
drial DNA content was also assessed. The tem-
poral pattern between mitochondrial biogenic 
change and neuron degeneration was exam-
ined using mitochondrial DNA copy numbers 
after 24 and 48 h exposure, respectively. These 
two exposure times did not produce DA neuron 
degeneration. The mtDNA copies were deter-
mined by qPCR. Since the number of mitochon-
dria per cell and the total DNA content in each 
mitochondrion can be highly variable during the 
worm development, it is necessary to normalize 
qPCR results using mitochondrial copy number 
to nuclear DNA content. The primers employed 
here specifically for amplification of a short 
fragment of mitochondrial DNA and nuclear 
DNA were reported in a previous study [24]. As 
shown in the Figure 2A and 2B, dramatic 
decrease in relative mtDNA level was found in 
the worms exposed to rotenone for 24 and 48 
h, respectively, indicating a persistent suppres-
sion of mtDNA replication. We also examined 
another toxicant metal Mn2+ that has been 
reported to be toxic to DA neurons in C. elegans 
[18]. As shown in Figure 3, a significant dec-
crease in mtDNA content was found in the 
worms treated with with 50 and 100 mM of 
Mn2+. These results suggest an important role 
of mtDNA biogenesis in the process of dopa-
mine neuron damage and degeneration in C. 
elegans.
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Figure 1. Chronic exposure to rotenone caused dopamine 
(DA) neuron degeneration. Synchronized L1 nematodes 
were grown on NGM plates containing 2 or 4 µM of rote-
none, or a same volume of DMSO (control). Worms were 
examined for DA neuron degeneration as described in 
the Materials and Methods. (B, D and F) Representative 
images showing GFP-expressing DA neurons (CEPs) within 
the head of a control worm exposed to DMSO (control), 
2, or 4 µM of rotenone. Arrows indicate the presence of 
CEPs in control (B), while a part missing or loss of the 
whole CEP in 2 (D) or 4 µM (F) rotenone exposed animals, 
respectively. (A, C and E) DIC image of the corresponding 
animals shown in B, D, and F. (G) Quantification of neuron 
degeneration. *, indicates significant difference compared 
to control (p < 0.05).
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Decreased expression of mitochondrial gene 
expression induced by rotenone exposure

To determine the mitochondrial gene expres-
sion, we designed primers specific to mitochon-
drial complex IV subunits I and II (COI and COII), 
respectively. Consistent with the level of mtDNA 

content, the expression level of both COI and 
COII was significant lower in worms treated with 
2 or 4 µM rotenone when compared to control 
(Figure 4).

Discussion

Mitochondrial dysfunction and oxidative stress 
have long been implicated as pathophysiologic 
mechanisms underlying Parkinson’s disease 
[3, 26]. It has been suggested that the inhibi-
tion of mitochondrial complex I to be a leading 
mechanism although the exact molecular basis 
underlying mitochondrial dysfunction in the 
development of PD has not been fully eluci- 
dated.

Utilizing the C. elegans model, we report here 
that chronic exposure to low concentration of 
rotenone, a classic inhibitor of mitochondrial 
complex I, causes dopamine neuronal cell 
death, a major feature of human Parkinson’s 
disease and neurodegenerative disorder. 
Epidemiologic investigations have demonstrat-
ed that Parkinson’s disease is positively associ-
ated with use of pesticide rotenone [3, 27], 
although a causative linkage between pesti-
cide rotenone use and Parkinson’s disease has 
not been established. Rotenone has been 
widely tested in mammalian systems to induce 
symptoms similar to those observed in 
Parkinson’s disease [25], yet the mitochondrial 
mechanism of neuron toxicity has never been 
fully elucidated. Declined mitochondrial bioen-

Figure 2. Rotenone-induced decrease in mtDNA content determined by qPCR. Synchronized L1 animals were ex-
posed to 2 and 4 µM rotenone for 24 h or 48 h. Genomic DNA was extracted. mtDNA copy number was quantitated 
by real-time PCR. Relative mtDNA content was calculated as a fold change relative to nuclear DNA content. Data was 
expressed as the man ± SD of three individual replicates. *, indicates significant difference compared to control (p 
< 0.05).

Figure 3. Mn2+-induced decrease in MtDNA content 
determined by qPCR. Synchronized L1 animals were 
exposed to 50 and 100 mM MnCl2 24 h. Genomic 
DNA was extracted. mtDNA copy number was quan-
titated by real-time PCR. Relative mtDNA content 
was calculated as a fold change relative to nuclear 
DNA content. Data was expressed as the man ± SD 
of three individual replicates. *, indicates significant 
difference compared to control (p < 0.05).
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ergetics and increased oxidative stress are two 
major cellular signaling widely studied, which 
are closely associated with mitochondrial alter-
ations to be implicated into the chemical toxic-
ity mechanism. However, other studies have 
suggested that increased cellular oxidative 
stress rather than the compromised mitochon-
drial bioenergetics is responsible for rotenone 
toxicity [28]. Moreover, the hypothesis of mito-
chondrial complex I inhibition has been chal-
lenged by a recent study that demonstrated 
dopamine neuron death induced by a classic 
Parkinson’s disease drug 1-methyl-4-phenyl-
pyridinium (MPP+) and pesticides (rotenone and 
paraquat) are independent on their effect on 
mitochondrial function [29]. Thus, a role for the 
mitochondria in Parkinson’s disease requires 
further investigation.

This study shows that for the first time rotenone 
exposure caused a persistent suppression of 
mitochondrial DNA replication in the C. elegans 
model. In addition, the decrease of mitochon-
drial DNA biogenesis was also found in C. ele-
gans exposed to Mn2+, a metal that has been 
demonstrated to induce neuron degeneration 
in C. elegans [18]. This indicates the depres-
sion of mtDNA replication might be a common 
mechanism implicated in the process of toxi-
cants-induced neuron damage. The fact that 
the suppression of this mitochondrial biogene-
sis occurred prior to the loss of dopamine neu-
rons supports the critical role of these organ-
elle in the development of neurodegenerative 

disease. Although the data presented here 
does not suggest rotenone exposure is causa-
tively responsible for Parkinson’s disease in 
humans, it supports the concept that C. ele-
gans is a good model for dissecting mitochon-
drial-mediated pathways implicated in the 
mechanism of environmentally induced neuro-
degenerative disorders. 

The observed decrease in the mitochondrial 
content and mitochondrial gene expression 
may be the consequence of direct inhibition of 
mitochondrial replication regulated by nuclear 
encoded mitochondrial genomic machinery. 
Rotenone has been shown to induce increased 
oxidative stress in mammalian cells as well as 
in invertebrate models [30, 31]. Studies have 
demonstrated the increased oxidative stress to 
be a mechanism to modulate mtDNA biogene-
sis [32]. In addition, rotenone may also induce 
DNA damage affecting PCR amplification of 
mtDNA. However, we were not able to dissect 
the precise mechanism of suppression of mito-
chondrial DNA biogenesis associated with rote-
none exposure. Nevertheless, the depression 
of mtDNA biogenesis may result in a compro-
mised mitochondrial function. It has been 
reported recently that a similar amount of dam-
age to mtDNA caused higher extent in the inhi-
bition of mitochondrial function in C. elegans 
than in cultured mammalian cells [33, 34], indi-
cating the important role of regulating and 
maintaining mtDNA integrity in C. elegans. 
Further identification of regulator(s) of mito-

Figure 4. Suppression of mitochondrial gene expression. Synchronized L1 animals were grown on the NGM plates 
containing 2 and 4 µM rotenone for 48 h. Following the treatment, RNA was isolated using Trizol, and cDNA was 
synthesized using commercial kit per manufacturer’s instruction as described in the Materials and Methods. Two 
sets of primers designed specifically for COI and COII were employed for the qPCR. Mitochondrial gene expression 
level was calculated as a fold change relative to nuclear gene expression level (GAPDH). Data was expressed as the 
man ± SD of three individual replicates. *, indicates significant difference compared to control (p < 0.05).
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chondrial biogenesis may offer new insights of 
the rotenone-induced neuron degeneration in 
the C. elegans.

It is worthy to note that rotenone exposure may 
directly inhibit mitochondrial respiratory activi-
ty resulting in the decrease in ATP production. 
However, in the present study we intended to 
investigate the effect of the environmental toxi-
cants on mitochondrial biogenesis rather than 
the bioenergetics although in many causes 
these two events are integrated in mitochon-
drial function. Moreover, as mentioned above, 
studies in vertebrate system suggest that the 
compromised mitochondrial bioenergetics is 
not responsible for Parkinson’s disease symp-
tom [28]. It has been reported that heavy metal 
Mn2+ causes inhibition of mitochondrial respira-
tion in C. elegans [18]. In a recent study we 
reported that the impaired mitochondrial func-
tion is also associated with neuron degenera-
tion in C. elegans induced by another metal Al3+ 
[35]. Further investigation of the effect of these 
metals on mitochondrial biogenesis and the 
regulation of mitochondrial gene expression 
may help dissecting molecular basis behind the 
compromised mitochondrial bioenergetics, 
thus further the understanding of the role of 
mitochondrial alteration in the development of 
neuron degeneration and pathologies of human 
Parkinson’s disease.

In summary, we demonstrated that chronic 
exposure to environmental toxicants rotenone 
and Mn2+ caused a persistent inhibition of mito-
chondrial biogenesis. Identification of molecu-
lar regulator(s) of toxicants-induced alteration 
in mitochondrial biogenesis is needed for fur-
thering our understanding of the mitochondrial 
contribution in the process, etiology, and path- 
ologies of Parkinson’s disease and neurode-
generative disorders.
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