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A B S T R A C T

Rotenone (ROT) is an environmental neurotoxin which has been demonstrated to cause characteristic loss of
dopamine (DA) neurons in Parkinson’s disease (PD). Icariin (ICA) is a flavonoid glucoside isolated from Herba
Epimedii that has been shown to display neuroprotective functions. The present study evaluated protective
effects of ICA on ROT-induced neurotoxicity and determined the modulation of ICA on the regulation of au-
tophagy in vivo and in vitro. Rats were treated with ROT (1.0mg/kg/day) with a co-administration of ICA (15 or
30mg/kg/day) for 5 weeks. Immunohistochemical analysis showed a significant loss in DA neurons in the
substantia nigra (SN) of rats treated with ROT, accompanied by an increase in the accumulation of α-synuclein
and a compromised mitochondrial respiration. However, co-administration of ICA potently ameliorated the
ROT-induced neuronal cell injury and improved mitochondrial function and decreased the accumulation of α-
synuclein. ROT treatment resulted in a decrease in the protein expression of LC3-II and Beclin-1, and an increase
in the protein level of P62, and upregulated the activation of mammalian target of rapamycin (mTOR), whereas
ICA significantly reversed these aberrant changes caused by ROT. Furthermore, the neuroprotective effect of ICA
was further verified in PC12 cells. Cells treated with ROT displayed an increased cytotoxicity and a decreased
oxygen consumption which were rescued by the presence of ICA. Furthermore, ROT decreased the protein
expression level of LC3-II, enhanced Beclin-1 expression, and activated phosphorylation of mTOR, whereas ICA
markedly reversed this dysregulation of autophagy caused by ROT in the PC12 cells. Collectively, these results
suggest that ICA mediated activation of autophagic flux confers a neuroprotective action on ROT-induced
neurotoxicity.

1. Introduction

Environmental toxicants such as pesticides and heavy metals are
commonly recognized to be associated with the development of
Parkinson’s disease (PD) [1,2]. ROT is a pesticide that is neurotoxic.
Epidemiological investigation has established a positive link between
human exposure to ROT and the occurrence of PD [3]. Extensive studies
on ROT toxicity have revealed the molecular mode of action of ROT
including inhibition of mitochondrial complex I, oxidative stress, and
induction of inflammation, all of which may be critically involved in
the pathological progression of neurodegeneration [4–6]. Although

ROT has been shown to recapitulate many key features of PD in various
experimental models, the molecular mechanism for rotenone-induced
PD remains not fully elucidated [7,8]. The exploration of etiology and
pathogenesis of PD is of great importance as there is no cure to PD, and
current treatments available can only delay the pathological progress of
PD [9].

An increasing number of studies demonstrate that the dysregulation
of cellular autophagy is involved in the molecular signaling of pro-
gressive neuronal cell death occurring in various neurodegenerative
disorders including PD [10,11]. A wide range of environmental neu-
rotoxicants including pesticides such as ROT and paraquat and heavy
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metals have been shown to adversely affect the regulation of autophagy
[12–15]. However, it has been recognized that toxicants may largely
differ in their effects on the autophagy signaling, eventually leading to
either excessive autophagy activation or insufficient capacity of re-
moval of damaged or unwanted organelles or proteins, interfering with
physiological functions of neurons. On the other hand, pharmacological
modulation of autophagy emerges to be an active area in the studies of
therapeutic protection of neuronal degeneration and other neuronal
injuries [16–18]. With regards to ROT, it has been shown that ROT
inhibits autophagic flux, however, the underlying mechanism has yet to
be further studied. More importantly, exploring an approach to phar-
macologically activate autophagic flux to protect against ROT-neuro-
toxicity may unravel a promising clue to the prevention and treatment
of the currently uncurable disease PD.

ICA is a flavonoid glucoside extracted from Epimedium that displays
various pharmacological functions. Previous studies have demonstrated
that ICA exhibits neuroprotective capacity in mice model of Alzheimer’s
disease [19–21]. ICA has also been shown to be protective in PD models
and neurotoxicity induced by a wide variety of neurotoxicants such as
6-OHDA, LPS and MPTP [22–24]. More recently we demonstrated that
ICA also exerts a promoting effect on the proliferation of neural stem
cells of rat hippocampus [25]. However, the full beneficial efficacy of
ICA in PD has been less studied. Therefore, whether ICA has a neuro-
protection over ROT-toxicity through activation of autophagy is worthy
of full investigation.

In this study, we aimed to evaluate the effects of ICA on neuro-
toxicity in the ROT-induced rat PD model, and to determine the role of
autophagy in the mode of action of ICA on the DA neuronal injury
caused by ROT. Utilizing PC12 cells, a rat pheochromocytoma cell line,
we further investigated whether the activation of autophagy was in-
volved in the effect of ICA on ROT-induced cytotoxicity in vitro.

2. Materials and methods

2.1. Chemicals and reagents

Rotenone was purchased from Sigma-Aldrich (St Louis, MO, USA).
Icariin was purchased from Nanjing Zelang Biological Technology Co.,
Ltd (Nanjing, China). Dulbecco's modified Eagle's medium (DMEM),
horse serum, and fetal bovine serum (FBS) were supplied by Hyclone
(Logan, UT). Antibodies against α-synuclein, Beclin-1, SQSTTM1/P62,
mTOR, and Phospho-mTOR were purchased from Cell Signaling
Technology (Boston, MA, USA). Antibody for LC3-I/II was purchased
from Abcam (Cambridge, UK), and antibody for β-actin was purchased
from Beyotime (Shanghai, China). LDH kit was purchased from
Jiancheng Bioengineering Institute (Nanjing, China).

2.2. Animals and treatment

100 male Sprague Dawley (SD) rats (weighting 220–250 g) were
randomly divided into five groups (20 in each group): control, ICA
(30mg/kg/day), ROT (1mg/kg/day), ROT (1mg/kg/day)+ ICA
(15mg/kg/day), and ROT (1mg/kg/day) + ICA (30mg/kg/day).
Considering the sex-specific differences in redox homeostasis and other
biological function in the brain, only male animals were included in this
study [26]. ICA was dissolved in ddH2O, and ROT was dissolved in
DMSO [27]. ROT was given by subcutaneous injection once per day at a
dose of 1mg/kg, and ICA was administrated by oral gavage. The ICA
and ROT concentrations were selected according to previous studies
[22,28,29]. The control group was subjected to an equivalent volume of
vehicles. The animals were treated for 5 weeks [29].

All animal experiments were strictly carried out in accordance with
NIH guidelines for the Care and Use of Laboratory Animals
(ISBN:13:978-0-309-15400-0, revised in 2011), and all animal experi-
ments were performed in accordance with Chinese Guidelines of
Animal Care and Welfare, and the present study was approved by the

Animal Care and Use Committee of Zunyi Medical University (approval
code 20142-016).

2.3. Preparation of brain mitochondria

Animals were sacrificed at 24 h following the last administration of
the chemicals. Rat brain tissue was quickly removed and homogenized
on ice in 20 volumes of a homogenizing buffer consisting of 0.25M
sucrose, 10mM Tris-HCI, 1 mM EDTA, and 1mM phenylmethylsulfonyl
fluoride, PH 7.4. Homogenates were centrifuged at 900 g for 10min at
4 ℃, and the supernatant was collected and then centrifuged at 9000 g
for 10min at 4℃. The resultant precipitates were mitochondrial frac-
tion that was resuspended in respiratory buffer and stored on ice for the
following experiments. Determination of mitochondrial protein con-
centration was conducted by bicinchoninic acid (BCA) kit (Beyotime,
Beijing).

2.4. Measurement of oxygen consumption

The oxygen consumption rate (OCR) of isolated mitochondria was
determined by high-resolution respirometry (Oxygraph-2 K, Oroboros
Instruments, Austria). Briefly, the isolated brain mitochondria were
loaded in the oxygraph chambers at a concentration of 0.1 mg/mL in
respiration buffer. After equilibration, mitochondrial respiration was
started by energizing with 5mM succinate. State 3 respiration was in-
itiated by adding 2mM ADP into the chambers. Mitochondrial re-
spiration was recorded continuously, the DatLab software (Oroboros
Instruments) was used for data acquisition and calculation of OCR. The
cellular respiration of PC12 cells was evaluated by measuring oxygen
consumption with the high-resolution respirometry. Briefly, after 24 h
incubation with the indicated chemicals, cells were digested with
trypsin and then resuspended in serum-free DMEM medium. The cell
suspension was adjusted to a density of 1× 106 cells/ml, and a total of
2ml of cell suspension was loaded into the closed chamber with a
magnetic stirring. Oxygen flux (pmol O2/s/106 cells) was then recorded
continuously using DatLab software.

2.5. Immunohistochemical analysis

Under anesthesia the animals were transcardially perfused with PBS
followed by 4% paraformldehyde (PFA)/PBS. After the rat brain was
removed, it was transferred to 4% PFA and postfixed for 48 h. The brain
tissue was then transferred into 30% sucrose to dehydrate for 48 h.
Following the dehydration, the brain tissue was cut with a horizontal
sliding microtome into 35 μm transverse free-floating sections. For
immunostaining TH, the brain slices were collected in a 24-well plate
with PBS and stored at 4℃. The brain tissue sections were incubated
with 0.3% Triton for 15min to breach cell membrane, then subjected to
3% H2O2 for 15min, and blocked in goat serum for 30min, and in-
cubated with a primary antibody to TH (1:300, Abcam) overnight at
4℃. After the completion of the incubation with the primary antibody,
the brain slices were washed with PBS, then were incubated with a
biotinylated secondary antibody for 1 h in 37 °C. After air-drying, the
brain slices were mounted onto the slides and sealed with gel resin. The
brain sections were visualized using a DAB detection kit (Solarbio,
Beijing, China). Digital images of SN TH-positive neurons were ob-
tained by an Olympus microscope (Olympus, Tokyo, Japan).

2.6. Cell culture and treatment

PC12 cell lines were purchased from American Type Culture
Collection (Rockville, MD, USA), and were cultured in DMEM/high
glucose medium supplemented with 10% fetal bovine serum (MRC,
China), 5% horse serum (Hyclone, USA), 100 U/ml penicillin and
100 μg/ml streptomycin. For measurements of cytotoxicity and mi-
tochondrial respiration, and detection of protein expressions, PC12 cells
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were seeded on 6-well plate. The cells were pre-treated with 2 or 4 μM
ICA for 2 h followed by exposure to 1.0 μM ROT for 24 h. The super-
natant and the cell pellets were then collected for corresponding ex-
periments.

2.7. Western blot analysis

The protein expressions in SN tissues or PC12 cells were analyzed by
Western blot analysis. The brain was removed under anesthesia. Each
brain was dissected on a cold glass plate to separate the SN tissues. The
SN tissues or PC12 cells pellets were homogenized in RIPA lysis buffer.
The lysates were incubated on ice for 30min, then centrifuged at
12,000 g for 15min. The supernatant was then collected for the analysis
of protein expressions. Determination of protein concentrations was
carried out by BCA kit (Beyotime, Beijing, China). The protein was
separated on 10% Bis-Tris NuPAGE gel and transferred to PVDF
membrane. The PVDF membrane was blocked with 4% BSA (Sigma) for
2 h, and then reacted with primary antibodies at 4℃ for overnight. The
primary antibodies included those for α-synuclein (1:1000, Abcam),
LC3-I/II (1:1000, Abcam), Beclin-1 (1:1000, Cell signaling), SQSTTM1/
P6

2 (1:1000, Cell signaling), mTOR (1:1000, Cell signaling), Phospho-
mTOR (1:1000, Cell signaling), and β-actin (1:2000, Beyotime). After
washing, the membranes were then incubated in horseradish perox-
idase (HRP)-conjugated secondary antibodies (1:2000) for 2 h. The
membrane-bound secondary antibody was detected with ECL Western
blot detection kit. The band intensities were quantified using Quantity
One 1-D analysis software v4.52 (BioRad).

2.8. LDH assay

The lactate dehydrogenase (LDH) activity was determined using a
commercial LDH assay kit per manufacturer’s instruction (Beyotime,
Beijing). Briefly. After treatments of PC12 cells, supernatants were
collected and centrifuged at 400 g for 5min for the measurement of
activity of LDH. The reaction was initiated by mixing 0.2 ml of cell-free
supernatant with 50 μl LDH work buffer (Beyotime, Beijing). The mix-
ture was incubated in room temperature for 30min, and the OD value
indicating the highly colored and soluble formazan was then measured
at 490 nm spectrophotometrically.

2.9. Statistical analysis

Data were analyzed using statistical package for social sciences
(SPSS) version 19.0. Statistical evaluation of the difference between
three or more groups of individual data was analyzed by one-way
analysis of variance (ANOVA) and post hoc multiple comparisons using
Tukey's test. A value of p<0.05 was considered as statistical sig-
nificance. Data were expressed as mean ± SEM (standard error of
mean) of three or more independent experiments.

3. Results

3.1. Protective effect of ICA on ROT-induced loss of DA cells

It has been well demonstrated that neuronal toxicant ROT causes
progressive loss of DA neurons and the Lewy body formation in the
nigral-striatal system [30]. To determine the in vivo protective effects
of ICA on DA cells, rats were administered ROT (1mg/kg/day) by
subcutaneous injection with co-treatment of ICA (15 or 30mg/kg/day)
for 5 weeks. Following the last administration of the chemicals, the
damage to DA neurons in the SN was examined by im-
munohistochemistry staining with anti-TH antibody. As shown in
Fig. 1A, a significant reduction in DA neurons was observed in the ROT-
treated rats, about 40% of that in the control. However, the loss of DA
neurons was markedly ameliorated when co-treated with ICA (Fig. 1).

To further examine the in vivo protection of ICA, next we examined the
expression level of α-synuclein in the SN. The aberrant accumulation of
α-synuclein causes deleterious impact on neurons and is a pathological
hallmark of PD [31]. Western blot analysis showed the treatment of rats
with ROT caused an increase in the protein level of α-synuclein in the
SN, about 47% increase relative to the control, whereas the increased
accumulation of α-synuclein was noticeably reduced when co-treated
with ICA (Fig. 2). These results indicated clearly a beneficial effect of
ICA on ROT-induced neurotoxicity.

3.2. Protective effect of icariin on brain mitochondrial function

The mitochondrial function was evaluated by measuring oxygen
consumption of isolated mitochondria from brain tissues by Oxygraph-
2k high-resolution respirometry. As shown in Fig. 3, treatment of ROT
markedly inhibited mitochondrial respiration as compared with the
control group (p < 0.05), whereas icariin significantly improved the
respiratory function of brain mitochondria as compared with the ROT
group (p < 0.05).

3.3. ICA activates autophagic flux in vivo

To determine whether modulation of autophagic flux is involved in
the mechanism of ICA-mediated protection on ROT neurotoxicity, we
examined the protein expression levels of LC3-II, Beclin-1, and P62, in
the SN tissue by Western blot analysis. As shown in Fig. 4, treatment of
ROT significantly decreased the expression of LC3-II, indicating an in-
hibitory effect of ROT on autophagy in the SN. However, the decrease
in the protein expression level of LC3-II was reversed when rats were
co-treated with ICA of 30mg/kg (p < 0.05 vs ROT group). The acti-
vation effect of ICA was further dissected by examining the expression
level of the autophagy protein Beclin-1. Western blot analysis found
that ROT suppressed the protein level of Beclin-1, whereas ICA en-
hanced significantly the Beclin-1 level in the SN of rats when treated
with ROT combined with ICA (Fig. 4). In addition, we examined au-
tophagic flux by measuring the protein expression of autophagy sub-
strate p62. It was found that treatment of ROT caused a higher accu-
mulation of p62 compared to the control, whereas ICA was able to
significantly decrease the p62 level (Fig. 4), indicating a promoting
effect of ICA on autophagic flux.

To further explore the protective mechanism of ICA over ROT-in-
duced neurotoxicity, we next determined the expression level of mTOR,
an evolutionarily conserved serine/threonine protein kinase. As an
upstream regulatory pathway for autophagy, studies have shown that
activation of mTOR leads to the blockage of autophagy [32,33]. Both
mTOR and phosphor-mTOR (p-mTOR) were detected by Western blot
analysis. The results revealed that ROT treatment resulted in a sig-
nificant increase in the expression of p-mTOR (p < 0,05 vs. the con-
trol), indicating that the mTOR pathway was activated. However, the
expression of p-mTOR protein decreased significantly when ICA was co-
administered. These data suggested a potential role of ICA in the acti-
vation of autophagy, which may account for its neuroprotective effects
in vivo.

3.4. Protective effects of ICA on ROT-induced neurotoxicity in PC12 cells

The protective effects of ICA on neurotoxicity was further examined
in PC12 cells. The PC12 cell line has been widely used in the studies of
neurotoxicity and characterization of various neuroprotective agents
[34]. As shown in Fig. 5A, cells treated with ROT displayed a robust
cytotoxicity as measured by an increase in the release of LDH. This
increased LDH release appeared to be significantly negated in the pre-
sence of 4 μM ICA, demonstrating the protective capacity of ICA on the
ROT-induced cytotoxicity in vitro. We further evaluated the cellular
respiration. As shown in Fig. 5B, the oxygen consumption rate in the
cells treated with ROT dropped to about 50% as compared to the
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control, while the co-treatment of ICA potently improved the cellular
respiration (p < 0.05 as compared to ROT alone).

3.5. Effects of ICA on the expression of proteins LC3-II, P62, mTOR and p-
mTOR in PC12 cells

We next determined whether ICA modulates the regulation of au-
tophagic flux in vitro. The protein expression levels of LC3-II, P62 as
well as mTOR and p-mTOR were detected by Western blot analysis. As
shown in Fig. 6, a lower protein expression in LC3-II along with a higher

Fig. 1. Protective effect of ICA on ROT-induced loss of DA cells. The animals were administrated with ROT and ICA for 5 weeks. ICA (15 and 30mg/kg) was given by
oral gavage, and ROT was administered by subcutaneous injection once per day at the dose of 1mg/kg. Twenty-four hours following the last treatment, rats were
sacrificed, and the brains were collected. Brain tissues were processed as described in the Material and methods, and brain sections were immunostained with an anti-
TH antibody. (A) and (B), Immunostaining of DA cells and quantification of TH-positive cells in SN, respectively. The results were the mean ± SEM from three rats
(n=3). *, p < 0.05 as compared with control; #, p<0.05 as compared with ROT group.

Fig. 2. Effect of ICA on ROT-induced of protein expression levels of α-synuclein
in SN. After treatment, the SN of rats were collected, then the protein expres-
sion level of α-synuclein was determined by Western blot. The results were the
mean ± SEM from three rats (n= 3). *, p < 0.05 as compared with control;
#, p < 0.05 as compared with ROT group.

Fig. 3. Protective effect of ICA on brain mitochondrial respiration.
Mitochondria were isolated from the whole brain tissues as described in the
Materials and methods. Mitochondrial respiration flux was detected by high-
resolution respirometry. The results were the mean ± SEM from three rats
(n= 3). *, p < 0.05 as compared with control; #, p < 0.05 as compared with
ROT group.
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Fig. 4. Effects of ROT and ICA on the expression levels of autophagic protein LC3-II, Beclin-1, P62, mTOR and p-mTOR in SN. After treatment, the SN of rats were
collected, then the protein expression levels of LC3-II, Beclin-1, P62, mTOR and p-mTOR were determined by Western blot. The results were the mean ± SEM from
three rats (n= 3). *, p < 0.05 as compared with control; #, p < 0.05 as compared with ROT group.

Fig. 5. Protective effects of ICA on ROT-in-
duced neurotoxicity in PC12 cells. PC12 cells
were treated with ICA for 2 h, then exposed to
ROT for 24 h. LDH release was measured by
the LDH assay kit and cellular respiration was
detected by high-resolution respirometry. The
results were the mean ± SEM from three in-
dependent experiments (n=3). *, p < 0.05
as compared with control; #, p < 0.05 as
compared with ROT group.
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accumulation of P62 was found in the cells treated with ROT, while ICA
significantly reversed the changes in the protein expression of LC3-II
and P62, indicating the role of ICA in the activation of autophagy flux
in vitro. Furthermore, we examined the activation of mTOR. Consistent
with the in vivo findings, ROT treatment upregulated the phosphor-
ylation of mTOR, while ICA significantly suppressed the expression
level of p-mTOR (p < 0.05). These results further corroborated the
modulation of ICA on the regulation of autophagy flux in the context of
ROT neurotoxicity.

4. Discussion

Pesticides are increasingly recognized to cause a wide range of
toxicities in various organs [35,36]. Particularly environmental ex-
posure to neurotoxicant ROT is associated with an increased risk in the
development of PD [3]. In vivo studies have shown that ROT causes
progressive degeneration of DA neurons and thus is widely used in PD
animal models. In this study, we described the protective efficacy of ICA
on the cell loss of DA neurons in rats treated with ROT. Analysis of
autophagy related proteins suggests that activation of autophagy flux
may account at least partially for the protective mode of action of ICA
against ROT induced loss of DA neurons.

Deregulation of autophagy has been implicated in the pathogenesis

of neurodegenerative disorders and a wide range of environmental
chemical-elicited neurotoxicity [10,14]. It has been shown that ROT
impairs autophagy, although the mechanism behind it, however, has
not been fully established yet. In agreement with the previous report
showing accumulation of autophagy substrate P62 in SH-SY5Y cells
[12], in the present study we demonstrated that treatment of ROT re-
sulted in an elevated P62 level in the SN tissue of ROT-intoxicated rats.
Moreover, we found that ROT also affected the regulation of mTOR,
which negatively regulates the activation of autophagy [37,38]. Our
results showed that ROT treatment caused elevation in phosphorylation
of mTOR in SN tissues, suggesting an inhibitory effect of ROT on au-
tophagy. However, we demonstrated that when co-administered, ICA
not only decreased P62 accumulation but also inhibited phosphoryla-
tion of mTOR, showing that ICA plays a role in the promotion of au-
tophagic flux in the context of ROT induced neurotoxicity. We attrib-
uted this ICA-mediated activation of autophagic flux to its
neuroprotective capacity over ROT induced neuronal cell loss. In this
regard, further studies on the regulation of phosphorylation of mTOR
may reveal more mechanistic insights. The PI3K/AKT/mTOR pathway
is an intracellular signaling pathway that has been widely implicated
into the mechanism of a variety of pharmacological agents [39].
Whether ICA could regulate the phosphorylation of mTOR through the
PI3K/AKT/mTOR pathway to exert neuroprotective effects has yet to be

Fig. 6. Effects of ROT and ICA on LC3-II, P62, mTOR and p-mTOR protein expression in PC12 cells. PC12 cells were treated with ICA for 2 h, then exposed to ROT for
24 h. The protein expression levels of LC3-II, P62, mTOR and p-mTOR were determined by Western blot. The results were the mean ± SEM from three independent
experiments (n=3). *, p < 0.05 as compared with control; #, p < 0.05 as compared with ROT group.
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investigated.
Activation of autophagy may exert cytoprotective effects through

multiple intracellular events including elimination of malfunctional
mitochondria and other damaged proteins. It has been well established
that impairment in mitochondrial function represents an early in-
tracellular event that is critical to lead to the death of neuronal cells in
PD [40]. Mitochondrial dysfunction results in not only bioenergetic
collapse that is directly detrimental to neuronal cells, but also excess
production of reactive oxygen species leading to oxidative stress status,
which in turn damages mitochondrial molecules and cellular function.
Accordingly, a timely clearance of dysfunctional mitochondria is thus
protective against cytotoxicity caused by environmental chemicals.
Extensive studies have shown that mitochondria appear to be the target
of many environmental toxicants, ROT for instance, which is a specific
inhibitor of mitochondrial complex I. Inhibition of mitochondrial
complex I may suppress the respiration and increase cellular oxidative
stress. Thus, activation of autophagy by ICA may be beneficial to mi-
tochondrial function and cellular homeostasis. Indeed, our results
showed that mitochondria isolated from ROT treated rat brain dis-
played a significantly lower respiration, whereas co-treatment with ICA
significantly improved mitochondrial function. Although we did not
dissect the exact molecular mechanism by which activation of autop-
hagy confers protection over ROT neurotoxicity, suppression of ROS
generation might be at least one of the accountable events. However,
this does not rule out other possibilities. ICA, as a flavonoid compound,
has been demonstrated to be of antioxidant capacity. In this regard, the
antioxidant function exerted by ICA might be a combination of acti-
vation of autophagy and a direct scavenging action of ICA. It is also
likely that ICA mediated inhibition of cellular oxidative stress may di-
rectly protect cells against ROT neurotoxicity, and thus prevent a pos-
sible modulation of rotenone on the regulation of autophagy. Further
studies of interaction between ICA and ROT-mediated mitochondrial
ROS generation may reveal more mechanistic insights on the mode of
action of ICA. In addition, recent studies have shown that ICA partici-
pates in the regulation of ion metabolism that may also be implicated in
the neuroprotective mechanism of ICA [41,42]. Therefore, more studies
on ICA mediated mechanism of autophagy are warranted. Nevertheless,
it is worthy of emphasis: (1) ROT causes DA neuron loss in the rat
model of ROT administration paralleling with dysregulation of autop-
hagy; (2) ICA protects ROT induced neurotoxicity accompanied by an
increased autophagic flux. Interestingly, in the PC12 cell model, the
cytoprotective function of ICA over ROT toxicity was verified. Con-
sistent with the findings in vivo, we showed that ICA protected ROT
induced cell killing, and meanwhile activated autophagic flux. These
results supported a critical role of activation of autophagy in the mode
of action of ICA.

Another finding in this study was that ICA abolished the accumu-
lation of α-synuclein caused by ROT treatment. The α-synuclein is a
component of LBs (Lewy bodies) which is a hallmark of PD. Although a
causative role of α-synuclein in the pathogenesis of PD remains to be
fully understood, the accumulation of α-synuclein is toxic to the cell. A
great number of studies support that α-synuclein causes damage to
mitochondria and plays a pivotal role in the pathogenesis of neurode-
generative disorders [43,44]. However, opposing results also exist in
the literature showing [45]. The relationship between α-synuclein ac-
cumulation and mitochondrial impairment appears to be not con-
clusively known. Nevertheless, we found that the α-synuclein accu-
mulation was significantly reduced when the animals were co-treated
with ICA, and the decrease in α-synuclein is likely protective to neu-
ronal cell survival under the attack of ROT.

Despite great progress in the understanding the pathogenesis, the
etiology and molecular mechanism of PD continue to be elusive.
Intervention and treatment of PD still remain a big challenge.
Identification of ICA in the activation of autophagy in the context of
ROT induced neurotoxicity thus offers not only a promising therapeutic
agent but also mechanistic clues to further elucidation of the molecular

basis of pathogenesis of PD.

5. Conclusions

ROT administration induced a loss of DA neurons accompanied by a
decrease in brain mitochondrial function in a rat model of ROT in-
toxication for 5 weeks. Co-administration of ICA significantly atte-
nuated neurotoxicity and improved mitochondrial function in rats
treated with ROT. ICA treatment decreased phosphorylation of mTOR
and the P62 protein level in the SN of rats treated with ROT, suggesting
a role of activation of autophagy in the protective mode of action that
ICA exerts on the ROT-elicited neuronal cell injury. The ICA mediated
effect of neuroprotective capacity and promotion of autophagy was
further verified in PC12 cell mode, which showed a significant decrease
in cell injury as compared to the cells treated with ROT alone, and an
elevated level of autophagy flux. Further studies of molecular signaling
in the ICA-mediated regulation of autophagy may be a promising di-
rection to fully exploit the neuroprotective efficacy of ICA in PD.
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