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Abstract. Parkinson's disease (PD) is the second most 
common neurodegenerative disorder, which is characterized 
by the hallmark feature of loss of dopaminergic neurons in 
the substantia nigra. Energy metabolic disorder is associated 
with the pathogenesis of PD; however, the development of this 
disorder is yet to be elucidated. PD-like characteristics have 
been demonstrated in a rotenone rat model. In the present 
study, energy metabolism status was investigated in a rat model 
following intraperitoneal treatment with 1.0 mg/kg rotenone 
every 48 h. The behavior and tyrosine hydroxylase-positive 
levels in the substantia nigra of rats that were treated with 
rotenone for 24 weeks demonstrated that these rats devel-
oped more severe parkinsonism, as compared with that were 
treated for 16 weeks. Detection of ATP, lactic acid, NADH 
dehydrogenase 1 mRNA and lactate dehydrogenase B mRNA 
levels in the ventral mesocerebrum (VM) and skeletal muscle 
(SM) of the rats that had been treated with rotenone for 16 
and 24 weeks demonstrated that the energy stress induced by 
rotenone progressed in both VM and SM. Notably, the energy 
stress detected in VM was more severe, and this energy stress 
was decompensated in the VM of rats that had been treated 
with rotenone for 24 weeks. The progression of energy stress 
and the incidence of energy decompensation in VM may be 
important for the improvement of PD pathology.

Introduction

Parkinson's disease (PD) is characterized by the loss of dopa-
minergic (DA) neurons in the substantia nigra. PD is the most 
common neurodegenerative movement disorder, affecting >1% 
of the population that are aged >60 (1). Current treatments, 
such as pharmaceutical agents or deep brain stimulation 
predominantly target the symptoms and are unable to attenuate 
or reverse the progression of this disease (2). Understanding 
PD at a cellular and molecular level is important to determine 
novel targets and develop neuroprotective and disease-modi-
fying therapeutic strategies. Although the causes and potential 
factors remain unknown, environmental factors may have a 
critical role, such as herbicides or pesticides, organic solvents, 
carbon monoxide and carbon disulfide (3,4). Notably, various 
studies have suggested that PD is associated with energy 
metabolism defects (5-7).

Due to their structure, physiologic activities and high 
oxidative level of DA metabolism, DA cells in the substantia 
nigra are energy demanding and prone to energy stress (8). 
Furthermore, these cells have a relative low capacity for 
glycolysis compensation and lower glutathione levels (9,10), 
which ensures that they cannot respond appropriately to 
energy stress and are thus sensitive to energy disturbances.

Rotenone is a common insecticide and mitochondria 
complex 1 inhibitor, which is used to induce chronic rotenone 
rat models with PD-associated features that manifest as DA 
cells are selectively damaged (11). However, how energy 
stress is induced and associated with the development of 
PD-associated in this model remains unknown. 

In the present study, rats were treated with rotenone and 
energy stress status was subsequently detected in ventral 
mesocerebrum (VM) and skeletal muscle (SM) tissues at two 
time points following the development of different levels of 
parkinsonism. The present study aimed to clarify how energy 
metabolism and compensatory status are associated with the 
development of PD-associated features and manifestations in 
rat models. These findings may aid elucidation of how energy 
metabolism defects are linked to the progression of PD, and 
whether prevention of the energy stress is vital to attenuating 
the progression of PD.
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Materials and methods

Reagents and materials. Rotenone; (Sigma-Aldrich, St. Louis, 
MO, USA); ATP assay kit (S0026; Beyotime Institute 
of Biotechnology, Jiangsu, China); lactic acid assay kit 
(K627-100; BioVision Company, Palo Alto, CA, USA; rabbit 
anti-rat tyrosine hydroxylase (TH) primary antibody (AB152) 
and fluorescein isothiocyanate (FITC)-labeled anti-rabbit 
secondary antibody (AP132F; EMD Millipore, Billerica, 
MA, USA); TRIzol RNA extraction reagent, RNA reverse 
transcription reagent and PCR expansion reagent kit (Takara 
Biotechnology Co., Ltd., Dalian, China); SYBR Green mix 
(Promega Corporation, Madison, WI, USA); and NADH 
dehydrogenase 1 (ND1) and lactate dehydrogenase B (LDHB) 
primers (Shanghai Biotechnology Co., Ltd., Shanghai, China).

Animals and rotenone treatment. Male Wistar rats (n=40), 
aged 20 months and weighing 554±9 g, were obtained from 
the Third Military Medical University (Chongqing, China). 
Rats were individually housed and maintained in a tempera-
ture‑ (22±1˚C) and light‑controlled (12‑h light/dark cycle) 
environment with ad libitum access to food and water. The 
present study was approved by the Animal Care and Use 
Committee of Chongqing Medical University.

Rats were randomly divided into rotenone (n=25) and 
control groups (n= 15). Rotenone was ultrasonically dissolved 
in sunflower oil at a concentration of 5 mg·l-1. Rats in the rote-
none group were administered 1.0 mg·kg-1 rotenone (i.p.) every 
48 h; whereas the control group were treated with the the same 
volume of sunflower oil solvent. Weights were measured prior 
to each administration.

Rota‑rod test. Motor ability was examined using a rota-rod 
test system (57602V; Ugo Basile, Chicago, IL, USA) of which 
the rotation speed was accelerated from 3 rpm to 40 rpm with 
an acceleration of 0.3 rounds/sec in a reverse direction. Prior 
to the rota-rod test, rats were trained 10 times every 48 h 
following rotenone treatment for 2 weeks. The duration that 
each rat remained on the bar before falling off was recorded, 
and this was repeated 6 times for each test. 

Tissue preparation. For immunochemical detection, rats were 
anesthetized by intraperitoneal injection of 30 mg/kg pento-
barbital sodium into the right lower quadrant, and were 
subsequently transcardially perfused with 4% paraformal-
dehyde. Rat brains were harvested and maintained in 4% 
paraformaldehyde for 24 h prior to incubation with 30% 
sucrose until equilibrium and storage at ‑80˚C until use.

The rats used for ATP, lactic acid, ND1 mRNA, and LDHB 
mRNA level detection in the SM and VM were anesthetized 
by pentobarbital, then the hind leg inside SM and VM part 
were taken on ice and immediately stored in liquid nitrogen 
until use. The muscle tissue used for electron microscope were 
swiftly taken and dissected about 1 mm3 of the volume, stored 
in glutaral fixative solution until use.

Immunofluorescence detection. Sections of mesocerebrum 
(60 µm-thick) were cut from the rat heart using a frozen 
sliding microtome. Following exposure to room temperature 
for 40 min, the sections were stored at ‑80˚C until use.

For immunofluorescent detection of TH, the sections were 
exposed to room temperature for 1 h, washed in PBS for 10 min, 
blocked for 1 h in 5% bovine serum albumin supplemented 
with 0.3% Triton X‑100, and incubated with anti‑TH primary 
antibody (1:2,000) for 72 h at 4˚C and 2 h at room tempera-
ture. Following washing three times in PBS for 10 min, the 
sections were incubated at 37˚C for 1 h with FITC‑labeled goat 
anti-rabbit secondary antibody (1:100). Sections were subse-
quently washed three times for 5 min in PBS and observed 
under a fluorescence‑microscope (CKX41‑32FL; Olympus 
Corporation, Tokyo, Japan).

Semi‑fluorescent quantification of TH‑positive cells in 
the substantia nigra. VM coronal sections were immuno-
fluorescently stained against TH, as described. The number 
of TH-positive cells in the substantia nigra, including the 
substantia nigra pars compacta and reticulata, were subse-
quently analyzed in five continuous sections/rat of the same 
coronal level of the brain. The respective means of the total 
cells in one cerebral hemisphere were compared. An Image-Pro 
Insight 8.0 image analysis system (Media Cybernetics, Inc., 
Rockville, MD, USA) was used.

ATP and lactic acid detection. Tissues were ground into a fine 
powder in liquid nitrogen prior to ATP and lactic acid detec-
tion, which was performed according to the manufacturer's 
protocol using a LMax II Luminometer (Molecular Devices 
LLC, Sunnyvale, CA, USA) and Sunrise remote microplate 
reader (Tecan Trading AG, Grodlg, Austria).

Electron microscopic observation of muscle mitochondria 
morphous. SM tissue from the inside of the hind leg was 
fixed in glutaraldehyde and cut into 50‑nm ultrathin sections 
prior to observation under a transmission electron microscope 
(Hitachi-7500; Hitachi, Ltd., Tokyo, Japan).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). ND1 and LDHB mRNA expression level detection. 
Following storage at ‑80˚C, the tissues were ground into a fine 
powder in liquid nitrogen and total RNA was isolated from 
50 mg tissue using 1 ml cold TRIzol reagent, chloroform, isopro-
panol and 70% ethanol. Subsequently, 500 ng RNA was reverse 
transcribed into cDNA using an RT reagent kit, according to 
the manufacturer's protocol. cDNA were stored at ‑80˚C until 
RT-qPCR with the following primers: ND1, sense 5'-AAG 
C G G  C T C  C T T  C T C  C C T ACA  A AT‑3 '  a n d  a n t i -
sense, 5'‑GCTCGATTTGTTTCTGCGAGGGTT‑3' (119‑bp 
product); β-actin, sense 5'-AGG CCA ACC GTG AAA 
AGATG‑3' and antisense 5'‑ACC AGA GGC ATA CAG GGA 
CAA‑3' (88‑bp product); LDHB, sense 5'‑GAC CTC ATC GAA 
TCC ATG CT‑3' and antisense 5'‑TCG TCC TTC ADC TTC 
TGGTT‑3' (161‑bp product). The reaction system contained 
5 µl SYBR Green mix, 30 µM sense and antisense primers, 
1 µl cDNA and RNA-free H2O to 10 µl and was performed 
on a Chromo 4 real-time PCR system (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA). Thermal cycling was performed as 
follows: 3 min at 95˚C, followed by 35 cycles of 10 sec at 95˚C 
and 20 sec at 55˚C, and 10 sec at 72˚C and 65˚C‑95˚C for the 
dissociation curve. ND1 and LDHB mRNA expression levels 
were normalized to β-actin mRNA levels as the endogenous 
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reference, according to the 2-ΔΔCq method (12). All primer 
sets exhibited PCR efficiencies similar to the β-actin primer 
set (85-100%), as determined by the analysis of Ct across 
serial dilutions. Negative control reactions without the cDNA 
template consistently lacked a product. All samples were run 
in duplicate.

Statistical analysis. Statistical analyses were performed using 
SPSS 10.0 software (SPSS, Inc., Chicago, IL, USA). Data were 
expressed as the mean ± standard deviation of 3-6 independent 
experiments. Analysis of variance and Student's t-test were 
performed to determine statistical significance. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Rotenone treatment induces behavioral deficits and mortality. 
Behavioral analysis of the rotenone group demonstrated that 
the rats were very weak and exhibited difficulty moving and 
eating when treated with rotenone for 24 weeks; therefore, 
the 24th week was designated as the endpoint of the present 
study. Within the first 2 weeks, 32% of rats (8/25) in the rote-
none group developed behavioral deficits in response to the 
treatment, including weight loss, and decreased motor ability 
and food intake. These behaviors were typically relieved 
within 48 h. Two of the most responsive rats succumbed to 
these symptoms in the 2nd week. Although these behavioral 
deficits were relieved during weeks 4 and 5, they increased 
in severity and number from the 12th week. During the 24th 
week, two rats died after one treatment. The control group 
incurred no fatalities during the present study. These results 
suggested that the rats were progressively injured by rotenone 
treatment.

Weight and motor ability varies with rotenone treatment. The 
respective weights of each rat were measured prior to treat-
ment and each every week, as presented in Fig. 1. The mean 
weight of rats in the control group increased throughout the 
research period; whereas rats in the rotenone group exhib-
ited weight loss in the first 4 weeks, followed by a weight 
increase until the 12th week and a gradual decrease between 
weeks 16-24. Rats in the rotenone rat model exhibited obvious 
weight loss, which was regarded to be associated with the 
damage to gastrointestinal neurons (13,14), which impede 
digestion. This symptom of weight loss also manifests in 
patients with PD (15,16). Weight loss was demonstrated in the 
first 4 weeks in the rotenone group, which is consistent with 
the results published by Cannon et al (17), and may be caused 
by the rats' acute inadaptation to the rotenone treatment.

In the present study, a rota-rod test system was used to 
evaluate how the rats' motor ability was affected by rotenene. 
Since rotenone treatment made some rats very weak and 
unable to stay on the bar until 24 to 48 h later, the rota-rod 
tests were performed 48 h post-treatment, once every 
4 weeks. The results demonstrated that, in control group, the 
time that rats remained on the bar initially increased between 
weeks 4‑12, (45.0±21.4, 63.0±25.8 and 85.1±31.5 sec, respec-
tively), then was maintained at 91.4±30.7 sec for weeks 16‑24 
(Fig. 2A). For rats in the rotenone group, the time on the 
bar also increased initially during weeks 4-12 (25.2±19.2, 

45.9±24.5 and 53.3±35.1 sec, respectively), although at a 
lower level as compared with the control group, then the time 
sharply decreased between weeks 16‑20 (28.5±26.7, 9.8±8.3 
and 4.1±2.6 sec, respectively).

In order to elucidate how rotenone treatment affected the 
motor ability of rats, rota-rod testing was performed 2 weeks 

Figure 1. Variation in the weights of the rats during the rotenone treatment 
period. Data are presented as the mean ± standard deviation. *P<0.05 vs. the 
control group.

Figure 2. Motor ability of the rats, as determined by rota-rod testing, 
(A) during the rotenone treatment period (n≥12 rats/group) and (B) 48 h and 
2 weeks after the last rotenone treatment in rats that had been treated for 
16 and 24 weeks, respectively (n=6 rats/group). Data are presented as the 
mean ± standard deviation. *P<0.05 vs. the control group; #P<0.05 vs. 48 h 
after treatment.

  A

  B
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after rotenone treatment was terminated for rats treated with 
rotenone for 16 weeks (16Wr) and 24 weeks (24Wr), respec-
tively. The results demonstrated that, 2 weeks after the final 
rotenone treatment, the duration that rats in the 16Wr group 
remained on the bar significantly increased from 28.6±11.8 
to 75.0±17.8 sec (P<0.05), as compared with 48 h after the 
final rotenone treatment. For rats in the 24Wr group, the time 
did not significantly increase between the 48‑h and 2‑week 
time periods (3.8±2.6 and 6.3±5.9 sec, respectively) (Fig. 2B). 
This result suggested that the loss in motor ability could be 
recovered for 16Wr, and may be predominantly affected by 
rotenone treatment; however, as motor ability could not recov-
ered for 24Wr, this may be caused by more serious organic 
damage. Furthermore, the weight and motor ability varia-
tion suggested that PD-associated features are progressively 
induced by rotenone treatment.

Rotenone treatment reduces TH‑positive cell levels in the 
substantia nigra. The decrease of TH-positive cells in the 
substantia nigra is significant in patients with PD. As it was 
demonstrated that the behavior and motor ability of rats 
deteriorated after 16 weeks of rotenone treatment, the levels 

of TH-positive cells in the substantia nigra of these rats 
were measured and compared with those of 24Wr rats. As 
compared with the control group, TH-positive levels were 
significantly decreased in the 24Wr rats (P<0.05); however, 
no significant difference was detected in 16Wr rats (Fig. 3). 
This result suggested that, in 24Wr rats, the DA neurons in the 
substantia nigra were injured, whereas this damage was not as 
severe in 16Wr rats.

Rotenone treatment affects ATP, lactic acid, ND1 mRNA 
and LDHB mRNA levels in SM and VM. In the present 
study, the rotenone group developed parkinsonism, charac-
terized by weight loss, loss of motor ability and a reduction 
in TH-positive cells in the substantia nigra, which was more 
severe in 24Wr rats, as compared with 16Wr rats. In order 
to investigate the development of accompanied energy stress, 
the levels of ATP, lactic acid, ND1 mRNA and LDHB mRNA 
were detected in SM and VM tissue samples. These targets 
are important in metabolism compensation and, like DA 
neurons are abundant in VM, SM is also a tissue with high 
energy consumption (18,19). In order to elucidate the effect of 
rotenone treatment on the energy status of rats, the levels of 

Figure 3. (A) Immunofluorescence detection of TH protein levels in the substantia nigra of control rats and rats administered their final rotenone treatment at 
weeks 16 and 24, respectively. (scale bar, 20 µm). (B) Semi‑fluorescence quantification of TH‑positive cells in the substantia nigra of five continuous sections 
per rat (n=3). Data are presented as the mean ± standard deviation. *P<0.05 vs. the control group. TH, tyrosine hydroxylase.

  A
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these targets were detected 48 h and 2 weeks after the final 
rotenone treatment in 16Wr and 24Wr rats.

The results demonstrated that ATP levels in SM were 
not affected by rotenone treatment, as no significant differ-
ences were detected between the rotenone and control groups 

48 h and 2 weeks after the final rotenone treatment in 16Wr 
(Fig. 4A) and 24Wr (Fig. 4B) rats. However, the effect of 
rotenone treatment on ATP levels in VM differed between 
the 16Wr (Fig. 4C) and 24Wr (Fig. 4D) rats. In 16Wr rats, 
ATP levels at 48 h and 2 weeks post-treatment were consistent 

Figure 4. ATP, lactic acid, ND1 mRNA and LDHB mRNA levels in SM and VM tissues (n=3) in the control group and 48 h and 2 weeks after final rotenone 
treatment, respectively. (A) SM of rats that were treated with rotenone for 16 and (B) 24 weeks, respectively. (C) VM of rats that were treated with rotenone 
for 16  and (D) 24 weeks, respectively. Data are presented as the mean ± standard deviation. *P<0.05 vs. the control group. ND1, NADH dehydrogenase 1; 
LDHB, lactate dehydrogenase B; SM, skeletal muscle; VM, ventral mesocerebrum. 

Figure 5. Representative electron microscope images of skeletal muscle (magnification, x25,000) in the (A and D) control group and the rotenone‑treated groups 
(B and E) 48 h and (C and F) 2 weeks after the final rotenone treatment. Swollen mitochondria were detected, as indicated by the arrow (magnification, x50,000).

  A   B

  C   D

  A   B   C

  D   E   F
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with the control; however, in 24Wr rats, ATP levels significantly 
decreased 48 h after treatment (55±14% of control; P<0.05), and 
subsequently recovered to the control level 2 weeks later.

The response of lactic acid, ND1 mRNA and LDHB mRNA 
levels to rotenone treatment was similar, and differences were 
detected between SM and VM tissues. In SM, the levels of all 
these targets significantly increased (P<0.05) 48 h after treat-
ment and subsequently recovered to the control level 2 weeks 
later in 16Wr (Fig. 4A) and 24Wr (Fig. 4B) rats. As compared 
with the control, the respective levels of lactic acid, ND1 mRNA 
and LDHB mRNA in SM were 215±18, 172±22 and 143±15% 
in 16Wr rats, and 251±14, 230±14 and 184±19% in 24Wr 48 h 
after rotenone treatment. However, in VM tissue these levels 
differed between 16Wr (Fig. 4C) and 24Wr (Fig. 4D) rats. 
When measured 48 h after treatment, in 16Wr rats, these levels 
all significantly increased (291±23, 253±22 and 180±15% of 
control, respectively; P<0.05); however, in 24Wr rats, these 
levels all significantly decreased (71±15, 62±15 and 55±14% 
of control, respectively; P<0.05), as compared with the control. 
Testing 2 weeks later in 16Wr rats demonstrated that these levels 
recovered to the control level; whereas these levels remained 
significantly increased in 24Wr rats, as compared with the 
control (156±17, 150±16 and 142±15% of control, respectively; 
P<0.05).

With energy stress, cells respond by enhancing their energy 
metabolism activity, therefore the levels of lactic acid, ND1 
mRNA and LDHB mRNA increase; however, if energy stress is 
severe and the cells maximum energy producing capabilities are 
insufficient, cell dysfunction occurs with subsequent inhibition 
of energy producing activity (20,21). These results suggested 
that, in VM tissue following rotenone treatment for 24 weeks, 
the energy producing capability of cells may have been attenu-
ated, thus the energy disturbance induced by rotenone treatment 
could not be withstood. In sum, these findings suggested that 
the rotenone-induced damage to energy producing capabilities 
is selected, being more severe in VM, compared with SM.

Morphology of SM mitochondria affected by rotenone treat‑
ment. Analysis of ATP, lactic acid, ND1 mRNA and LDHB 
mRNA levels suggested that energy stress in 24Wr rats was 
compensated in SM; however, this was not demonstrated in VM 
tissue. In order to elucidate how rotenone treatment affects the 
energy metabolism ability of SM, the morphology of SM mito-
chondria were observed by electron microscope. The results 
demonstrated that the mitochondria of 24Wr rats were swollen 
48 h post-treatment, however this was not observed in 16Wr rats, 
as compared with the control (Fig. 5). Mitochondrial swelling 
recovered after 2 weeks in 16Wr and 24Wr rats. Mitochondrial 
swelling is an indicator of the cell's compensatory response to 
energy stress. Therefore, this result suggested that, in SM, rote-
none treatment induced more energy stress in 24Wr rats than in 
16Wr, which suggested that rotenone treatment weakened the 
energy producing capability of SM, although this effect was not 
as profound as the effect induced in VM.

Discussion

In the present study, rats were administered 1.0 mg/kg rote-
none (i.p.) every 48 h which has been demonstrated to induce 
rotenone concentration fluctuation (17,22), resulting in the 

repeated induction of energy stress in the rats. Energy stress 
has been demonstrated to burden mitochondria via energy 
metabolism compensation, which favors the production of 
reactive oxygen species (23,24). Furthermore, energy stress 
may induce dysfunction in energy production and anti-oxida-
tion systems (20,21), which exacerbates the energy crisis and 
further damages the cells, particularly during energy decom-
pensation. Therefore, in some energy sensitive cells, repeated 
energy stress may damage the energy producing ability of 
cells, which may accumulate and result in the cells being 
more sensitive to energy disturbances. Consistent with this 
hypothesis, the rats in the present study exhibited a progressed 
acute response and energy stress to rotenone treatment. In 
this way, the repeated rotenone treatment induced repeated 
energy stresses, which progressively decayed the cells energy 
production ability and made them more sensitive to further 
energy stress. It has previously been reported that systemic 
administration of rotenone in rats induced PD-associated 
pathology in chronic animal models, but not in the more 
energy disturbed acute models (11,25,26). The lighter and 
sustained energy disturbance induced in the chronic model 
may have favored damage to the energy producing ability of 
energy sensitive DA cells and accumulated in them; whereas 
in the acute model, the severe energy disturbance was beyond 
the compensation ability of the tissues, therefore selective 
damage of DA cells was not induced. Therefore, future 
research into how the fragile cells were regulated to confront 
the energy stress may aid the elucidation of the underlying 
mechanisms of PD, which would build upon previous studies 
that have indicated PD-associated genes, parkin, phosphatase 
and tensin homolog-induced novel kinase-1 and DJ-1, are 
involved in energy crisis (27-29).

In the present study, an acute response was induced in the 
rotenone group following low dose rotenone treatment, which 
has seldom been reported by other researchers, which may be 
due to the use of senile rats in the present study. In the aged 
organisms, oxidative damage may accumulate more readily, 
leading to weakened energy producing capabilities (20), which 
favors the induction of energy crisis by rotenone treatment.

PD symptoms in patients are often acutely exacerbated by 
infection, inflammation, cold, fever and mental stress (30‑33). 
With decreased energy producing capability, these situations 
may induce energy disturbance and subsequent energy crisis, 
which would exacerbated their PD symptoms and cause 
further damage to the sensitive DA cells. Further research is 
required to investigate how and to what extent factors such 
as fever, infection, cold, inflammation cytokine and environ-
mental toxicants selectively disturb the energy metabolism of 
fragile cells and favor the progress of PD.

In conclusion, energy stress and parkinsonisms were 
induced and progressed following repeated rotenone treat-
ment in rats in the present study. Notably, energy stress was 
more developed in VM, as compared with SM. The repeated 
energy stress demonstrated in the rats of the present study may 
be important for PD-associated selective injuries. Currently, 
there is no effective treatment for PD; therefore encouraging 
patients with PD to avoid any kind of energy disturbance 
and energy stress, and developing a therapeutic strategy that 
promotes the energy producing ability of cells may help to 
prevent and attenuate the progress of this disease. The results 
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of the present study provided an understanding of the devel-
opment of PD-associated energy stress, which may provide 
insight into PD pathogenesis and facilitate the exploration of 
novel therapeutic targets.
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