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Celastrol prevents cadmium-induced neuronal
cell death by blocking reactive oxygen species-
mediated mammalian target of rapamycin
pathway
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BACKGROUND AND PURPOSE
Increasing evidence has suggested cadmium (Cd), as an inducer of ROS, is a potential pathogenic factor in human
neurodegenerative diseases. Thus, it is important to find effective interventions for Cd-induced oxidative stress in the CNS. Here, we
have studied the effects of celastrol, a plant-derived triterpene, on ROS production and cell death in neuronal cells, induced by Cd.

EXPERIMENTAL APPROACH
PC12, SH-SY5Y cells and primary murine neurons were used to study celastrol neuroprotection against Cd-poisoning. Cd-induced
changes in cell viability, apoptosis, ROS and AMP-activated protein kinase (AMPK)/mammalian target of rapamycin (mTOR)
pathway in the cells were analysed by Trypan blue exclusion, DAPI and TUNEL staining, ROS imaging, immunofluorescence
staining and Western blotting. Pharmacological and genetic approaches were employed to investigate the mechanisms under-
lying Cd neurotoxicity.

RESULTS
Celastrol attenuated Cd-induced apoptosis by suppressing Cd activation of mTOR, which was attributed to preventing Cd inactiva-
tion of AMPK. Inhibition of AMPK with compound C or expression of dominant negative AMPKα prevented celastrol from hindering
Cd-induced dephosphorylation of AMPKα, activation of mTOR and apoptosis. Inhibition of mTOR with rapamycin or knockdown of
mTOR potentiated prevention by celastrol, of Cd-induced phosphorylation of p70 S6 kinase 1/eukaryotic initiation factor 4E binding
protein 1 and apoptosis. Celastrol attenuated Cd-induced cell death by suppressing induction of mitochondrial ROS.

CONCLUSIONS AND IMPLICATIONS
Celastrol prevented the inactivation of AMPK by mitochondrial ROS, thus attenuating Cd-induced mTOR activation and neuronal
apoptosis. Celastrol may be a promising agent for prevention of Cd-induced oxidative stress and neurodegenerative diseases.

Abbreviations
4E-BP1, eukaryotic initiation factor 4E binding protein 1; ACC, acetyl-CoA carboxylase; AD, Alzheimer’s disease; AICAR,
5-amino-4-imidazolecarboxamide ribose; AMPK, AMP-activated protein kinase; CM-H2DCFDA, 5-(and-6)-chloromethyl-
2′,7′-dichlorodihydrofluorescein diacetate; HD, Huntington’s disease; mTOR, mammalian target of rapamycin; NAC,
N-acetyl-L-cysteine; PD, Parkinson’s disease; PDL, poly-D-lysine; S6K1, p70 S6 kinase 1; TTFA, thenoyltrifluoroacetone;
TUNEL, the terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick-end labelling
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Introduction
Cadmium (Cd), a well-known heavy metal pollutant, easily
traverses the blood–brain barrier and accumulates in the
brain (Wang and Du, 2013). A number of studies have shown
that Cd exposure results in elevated levels of ROS, thus caus-
ing apoptotic cell death in distinct brain regions of the CNS
(Figueiredo-Pereira et al. 1998; Bertin and Averbeck, 2006;
Genovese and Cuzzocrea, 2008; Goncalves et al., 2010; Wang
and Du, 2013; Chen et al., 2014b). Cd induction of ROS has
been documented in themitochondria of PC12 cells, anterior
pituitary cells, cortical neurons and brain (Wang et al., 2004;
Lopez et al., 2006; Xu et al., 2016). Excessive ROS induced by
Cd can directly disrupt the structure of cell proteins, carbohy-
drates, nucleic acids and lipids alter their functions, and also
activate or inhibit related signalling pathways, thereby
leading to neuronal cell dysfunction/apoptosis or neurode-
generation (Figueiredo-Pereira et al. 1998; Bertin and
Averbeck, 2006; Genovese and Cuzzocrea, 2008; Wang and
Du, 2013). Therefore, Cd induction of ROS is considered as
a possible pathogenic factor in the development of neuronal
cell death and, consequently, in neurodegenerative diseases,
including Parkinson’s desease (PD), Alzheimer’s disease (AD)
and Huntington’s disease (HD) (Monroe and Halvorsen,
2006; Goncalves et al., 2010; Jomova and Valko, 2011; Wang
and Du, 2013).

The mammalian target of rapamycin (mTOR), a
serine/threonine (Ser/Thr) kinase, stands at a central position
and the crossroad of various signal pathways (Laplante and
Sabatini, 2012; Cornu et al., 2013). Through phosphorylating
its downstream ribosomal p70 S6 kinase 1 (S6K1) and
eukaryotic initiation factor 4E (eIF4E) binding protein 1
(4E-BP1), mTOR acts as a master kinase controlling cell
growth/proliferation and survival (Laplante and Sabatini,
2012; Cornu et al., 2013). For neurons, mTOR could be acti-
vated or inhibited depending on the pathological status of
neurons or CNS, for example brain tumours, tuberous sclero-
sis, cortical displasia and neurodegenerative disorders such as
PD, AD and HD (Swiech et al., 2008; Laplante and Sabatini,
2012). The AMP-activated protein kinase (AMPK), a sensor
of cellular energy status, is activated under conditions of en-
ergy stress (Hardie et al., 2016). It is well known that AMPK

is a negative regulator of mTOR pathway (Inoki et al., 2003;
Gwinn et al., 2008). Some studies have revealed that AMPK
activation due to oxidative stress is involved in neurodegen-
erative diseases (Vingtdeux et al., 2011; Jiang et al., 2013).
Consistent with this idea, our group has demonstrated that
hydrogen peroxide (H2O2), a major component of ROS,
inhibits mTOR signalling by activation of AMPK, leading to
apoptosis of neuronal cells (Chen et al., 2010). However, we
have also noticed that Cd-induced ROS can activate mTOR
signalling, contributing to neuronal cell death (Xu et al.,
2011; Chen et al., 2011b; Chen et al., 2011c; Chen et al.,
2014b). Our results indicate that Cd activates the mTOR
pathway by inhibiting AMPK, due to induction of ROS (Chen
et al., 2011b). Hence, we proposed that a compound that
could prevent Cd-induced ROS from inactivating AMPK or
activating the mTOR pathway might be useful to prevent
the neurotoxicity of Cd.

Celastrol, a pentacyclic triterpene extracted from the
roots of Tripterygium wilfordi [thunder god vine (TGV)] plant,
is known to possess a wide variety of biological effects,
including antioxidant, anti-apoptotic, anti-inflammatory,
anti-carcinogenic and anti-obesity properties (Salminen
et al., 2010; Kannaiyan et al., 2011a; Li et al., 2015; Liu et al.,
2015). Recent studies have shown that celastrol induces
AMPK activation and suppresses mTOR activation leading
to apoptosis in gastric cancer (Lee et al., 2014). Celastrol in-
hibits growth and potentiates apoptosis in a variety of tu-
mour cells by inducing ROS or ROS-activated AMPK, and/or
inhibiting the mTOR signalling pathway (Pang et al., 2010;
Chen et al., 2011a; Kannaiyan et al., 2011b; Kim et al., 2013;
Ma et al., 2014; Li et al., 2015; Sha et al., 2015). Of impor-
tance, celastrol has been identified as a neuroprotective
agent in several different models of neurodegenerative
diseases that are characterized by an overproduction of
ROS, such as PD, AD and amyotrophic lateral sclerosis
(ALS) (Allison et al., 2001; Cleren et al., 2005; Kiaei et al.,
2005; Choi et al., 2014; Zhao et al., 2014). However, the
underlying protective mechanism of celastrol remains to
be elucidated. Recently, we have found that pretreatment
with celastrol inhibits activation of the mTOR pathway by
Cd and protects neuronal cells from Cd-poisoning (Chen
et al., 2014a). In the present study, we have further shown
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that this protection could be attributed to celastrol
preventing mitochondrial ROS from inactivating AMPK.
The results enhance our understanding of the molecular
mechanism by which celastrol protects against Cd-induced
oxidative stress and neurodegenerative diseases.

Methods

Cell culture
All animal care and experimental procedures in this study
were in compliance with the guidelines set by the Guide for
the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee. Animal
studies are reported in compliance with the ARRIVE guide-
lines (Kilkenny et al., 2010; McGrath and Lilley, 2015). Rat
pheochromocytoma (PC12) and human neuroblastoma
SH-SY5Y cell lines were from American Type Culture
Collection (ATCC) (Manassas, VA, USA). Because of the
replicative nature and cost-effectiveness, these two cell lines
are widely used as neuronal cell models, so they were
employed in this study.

For culture, PC12 and SH-SY5Y cells were seeded in a
6-well plate (5 × 105 cells per well) or 96-well plate
(1 × 104 cells per well) pre-coated with (for PC12) or with-
out (for SH-SY5Y) PDL (0.2 μg·mL�1). PC12 cells were
grown in antibiotic-free DMEM supplemented with 10%
horse serum and 5% FBS, whereas SH-SY5Y cells were grown
in antibiotic-free DMEM supplemented with 10% FBS. Cells
were maintained in a humidified incubator of 5% CO2 at
37°C. To confirm the data obtained from PC12 or SH-SY5Y
cells, primary neurons were also used in this study. For this,
primary murine neurons were isolated from fetal mouse
cerebral cortexes of 16–18 days of gestation in pregnant
female ICR mice, as described by Chen et al. (2010), and
seeded in a 6-well plate (5 × 105 cells per well) or 96-well
plate (1 × 104 cells per well) coated with 10 μg·mL�1 PDL
for experiments after 6 days of culture.

Recombinant adenoviral constructs and
infection of cells
The recombinant adenoviruses expressing myc-tagged
constitutively active mutant of rat AMPKα1 (T172D)
(Ad-AMPKα-ca) (Zang et al., 2004) (a gift from Dr. Kenneth
Walsh, Boston University School of Medicine, Boston, MA,
USA), hemagglutinin (HA)-tagged dominant-negative mu-
tant of human AMPKα1 (D159A) (Ad-dn-AMPKα) (Lu et al.,
2008) (a gift from Dr. Nicholas J.G. Webster, University
of California, San Diego, CA, USA), and the control virus
expressing the GFP (Ad-GFP) or β-galactosidase (Ad-LacZ)
were described previously (Chen et al., 2010; Liu et al.,
2010). For experiments, PC12 cells were grown in the
growth medium and infected with the individual adenovi-
rus for 24 h at 5 of multiplicity of infection (MOI = 5).
Subsequently, cells were used for experiments. Ad-GFP or
Ad-LacZ served as a control. Expression of myc-tagged
AMPKα-ca and HA-tagged AMPKα-dn was determined by
Western blot analysis with antibodies to myc and HA
respectively.

Lentiviral shRNA cloning, production and
infection
Lentiviral shRNAs to mTOR and GFP (for control) were gener-
ated as described (Liu et al., 2006; Liu et al., 2008). For use,
monolayer PC12 cells, when grown to about 70% confluence,
were infected with medium containing these lentiviruses, in
the presence of 8 μg·mL�1 polybrene for 12 h twice at an
interval of 6 h. Uninfected cells were eliminated by exposure
to 2 μg·mL�1 puromycin for 48 h before use. After 5 days of
culture, cells were used for experiments.

Assays for live cell number and caspase-3/7
activity
As treatment with 10–20 μM Cd for 24 h is able to induce sig-
nificant apoptosis in neuronal cells (PC12, SH-SY5Y and pri-
mary neurons) (Chen et al., 2008a; Gerspacher et al., 2009;
Jiang et al., 2014), treatment with 0.1–1 μM of celastrol for
24 h is not toxic to SH-SY5Y and PC12 cells (Deng et al.,
2013; Chen et al., 2014a), and at 1 μM, celastrol exhibits a
best protection against Cd-reduced viability in the cells
(Chen et al., 2014a), Cd (10 and 20 μM) and celastrol (1 μM)
were the concentrations chosen for this research. PC12 cells,
SH-SY5Y cells and/or primary neurons were seeded in a PDL-
uncoated or -coated 6-well plate (5 × 105 cells per well) or 96-
well plate (1 × 104 cells per well). The next day, the cells were
exposed to Cd (10 and 20 μM) for 24 h following pre-
incubation with/without celastrol (1 μM) for 1 h, which with
five replicates of each treatment. Subsequently, live cells were
monitored by counting viable cells, using Trypan blue exclu-
sion. Caspase-3/7 activity was determined using Caspase-
Glo® 3/7 Assay Kit (Promega, Madison, WI, USA), following
the instructions of the supplier.

DAPI and TUNEL staining
PC12 cells, SH-SY5Y cells and primary neurons, or PC12 cells
infected with lentiviral shRNA to mTOR or GFP, or PC12 cells
infected with Ad-AMPKα-ca or Ad-GFP, respectively, were
seeded at a density of 5 × 105 cells per well in a 6-well plate
containing a PDL-uncoated or -coated glass coverslip per well.
The next day, cells were treated with/without Cd (10 and/or
20 μM) for 24 h following pre-incubation with/without
celastrol (1 μM) for 1 h with five replicates of each treatment.
In some cases, cells were pretreated with/without an AMPK
inhibitor compound C (20 μM) (Emerling et al., 2007), an
AMPK activator AICAR (2 mM) (Chen et al., 2011b), an anti-
oxidant and ROS scavenger N-acetyl cysteine (NAC; 5 mM)
(Chen et al., 2008a; Chen et al., 2011b), or a mitochondria-
targeted antioxidant Mito-TEMPO (10 μM) (Yeh et al., 2014)
for 1 h, or a specific mTOR inhibitor rapamycin (200 ng/mL)
for 48 h (Chen et al., 2008b; Chen et al., 2011b), and then
with/without celastrol (1 μM) for 1 h, followed by exposure
to Cd (10 μM) for 24 h. The concentrations of these
compounds used and the time of treatment were based on
the previous publications, as cited above. Afterwards, the cells
with fragmented and condensed nuclei were determined
using DAPI staining as described (Chen et al., 2008b). For
the cells pretreated with/without 1 μM of celastrol for 1 h
and then exposed to 10 and 20 μM of Cd for 24 h, following
DAPI staining, TUNEL staining was performed according to
the manufacturer’s protocols of In Situ Cell Death Detection
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Kit® (Roche, Mannheim, Germany). Finally, photographs
were taken under a fluorescence microscope (Leica DMi8,
Wetzlar, Germany) equipped with a digital camera. For quan-
titative analysis of the fluorescence intensity using TUNEL
staining, the integral OD (IOD) was measured by Image-Pro
Plus 6.0 software (Media Cybernetics Inc., Newburyport,
MA, USA).

Immunofluorescence and imaging
PC12 cells, SH-SY5Y cells and primary neurons were seeded at
a density of 5 × 105 cells/well in a 6-well plate containing a
PDL-uncoated or -coated glass coverslip per well. The next
day, the cells were pre-incubated with/without celastrol
(1 μM) for 1 h, and then exposed to Cd (10 and 20 μM) for
24 h. Then, the cells on the cover-slips were fixed with 4%
paraformaldehyde and incubated with 3% normal goat se-
rum to block non-specific binding. Next, the cells were incu-
bated with rabbit anti-phospho-AMPKα (Thr172) antibody
(Cell Signaling, Danvers, MA, USA, 1:50, diluted in PBS con-
taining 1% BSA) overnight at 4°C, washed three times
(5 min per time) with PBS, and further incubated with FITC-
conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology,
Santa Cruz, CA, USA, 1:500, diluted in PBS containing 1%
BSA) for 1 h at room temperature. The cells were then washed
three times (5 min per time) with PBS. Finally, slides were
mounted in glycerol/PBS (1:1, v/v) containing 2.5% 1,4-
diazabiclo-(2,2,2)octane. Cell images were captured under a
fluorescence microscope (Leica DMi8, Wetzlar, Germany)
equipped with a digital camera. IOD for fluorescence inten-
sity was quantitatively analysed by Image-Pro Plus 6.0 soft-
ware as described above.

Cell ROS imaging
Intracellular ROS level was evaluated using CM-H2DCFDA
(MP Biomedicals), which is a stable nonfluorescent molecule
and can passively diffuse into cells, where it is oxidized by
ROS, and becomes green fluorescent, according to the
supplier’s information. In brief, PC12 cells, SH-SY5Y cells
and/or primary neurons, or PC12 cells infected with Ad-dn-
AMPKα, Ad-AMPKα-ca and Ad-LacZ, respectively, or PC12
cells infected with lentiviral shRNAs to mTOR and GFP, re-
spectively, were seeded in a 6-well plate (5 × 105 cells per well)
containing a glass coverslip per well. The next day, cells were
pretreated with/without celastrol (1 μM) or Mito-TEMPO
(10 μM) for 1 h, followed by exposure to Cd (10 and/or
20 μM) for 24 h, or to Cd (10 μM) in the presence or absence
of mitochondrial complex I inhibitor rotenone (0.5 μM)
(Zhou et al., 2015), mitochondrial complex II ubiquinone site
inhibitor TTFA (10 μM) (Moreno-Sanchez et al., 2013) or mi-
tochondrial complex III inhibitor antimycin A (50 μM)
(Lanju et al., 2014) for 24 h, with five replicates of each treat-
ment. In some cases, cells were pretreated with/without NAC
(5 mM) or Mito-TEMPO (10 μM) for 1 h and then
with/without celastrol (1 μM) for 1 h, followed by exposure
to Cd (10 μM) for 24 h. In other cases, cells were pretreated
with/without compound C (20 μM) or 5-amino-4-
imidazolecarboxamide ribose (AICAR; 2 mM) for 1 h or
rapamycin (200 ng·mL�1) for 48 h, and then celastrol
(1 μM) or Mito-TEMPO (10 μM) for 1 h, followed by exposure
to Cd (10 μM) for 24 h. The concentrations of these com-
pounds and the time of treatment used were based on the

previous publications, as cited above. The cells were then
loaded with CM-H2DCFDA (10 μM) for 1 h. To image intracel-
lular ROS, all stained specimens were rinsed three times with
PBS, followed by photographing under a fluorescence micro-
scope, and quantitatively analysing IOD of the fluorescence
intensity by Image-Pro Plus 6.0 software as described above.

Western blot analysis
The indicated cells, after treatments, were washed with cold
PBS, and then on ice, lysed in the radioimmunoprecipitation
assay buffer [50 mM Tris, pH 7.2; 150 mM NaCl; 1% sodium
deoxycholate; 0.1% sodium dodecyl sulfate (SDS); 1% Triton
X-100; 10 mM NaF; 1 mM Na3VO4; protease inhibitor cock-
tail (1:1000)]. Lysates were sonicated for 10 s and centrifuged
at 16 000 × g for 2 min at 4°C. The supernatants were col-
lected, and thenWestern blotting was performed as described
previously (Chen et al., 2010). In brief, lysates containing
equivalent amounts of protein were separated on 7–12%
SDS–polyacrylamide gel and transferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA, USA). Mem-
branes were incubated with PBS containing 0.05% Tween 20
and 5% non-fat dry milk to block non-specific binding, and
then with primary antibodies against phosphorylated
AMPKα (p-AMPKα) (Thr172), p-acetyl-CoA carboxylase
(p-ACC) (Ser79), ACC, p-mTOR (Ser2448), p-S6K1 (Thr389),
p-4E-BP1 (Thr70), 4E-BP1, cleaved-caspase-3, PARP, myc
epitope (Cell Signaling Technology, Danvers, MA, USA),
AMPKα, S6K1 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), mTOR, β-tubulin (Sigma) overnight at 4°C, respec-
tively, followed by incubating with appropriate secondary
antibodies including horseradish peroxidase-coupled goat
anti-rabbit IgG, goat anti-mouse IgG or rabbit anti-goat IgG
(Pierce, Rockford, IL, USA) overnight at 4°C. Immunoreactive
bands were visualized by using enhanced chemilumines-
cence solution (Pierce). The blots for detected proteins were
semi-quantified using NIH Image J software (National
Institutes of Health, Bethesda, MD, USA).

Data and statistical analysis
The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). All data were expressed
as mean values � SEM. Student’s t-test for non-paired repli-
cates was used to identify statistically significant differences
between treatment means. Group variability and interaction
were compared using either one-way or two-way ANOVA
followed by Bonferroni’s post-tests to compare replicate
means. Significance was accepted at P < 0.05.

Materials
Cadmium chloride, celastrol, DAPI, poly-D-lysine (PDL), rote-
none (mitochondrial complex I inhibitor), antimycin A (mi-
tochondrial complex III inhibitor), thenoyltrifluoroacetone
(TTFA) (mitochondrial complex II ubiquinone site inhibitor),
N-acetyl-L-cysteine (NAC) and protease inhibitor cocktail
were purchased from Sigma (St Louis, MO, USA), whereas
compound C (AMPK inhibitor) was provided by Calbiochem
(San Diego, CA, USA). 5-(and-6)-chloromethyl-2′,7′-dichl-
orodihydrofluorescein diacetate (CM-H2DCFDA) was
purchased from MP Biomedicals (Solon, OH, USA).
Mito-TEMPO (mitochondria-targeted antioxidant) and
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rapamycin (mTOR inhibitor) were acquired from ALEXIS
Biochemicals Corporation (San Diego, CA, USA). 5-
amino-4-imidazolecarboxamide ribose (AICAR) (AMPK acti-
vator) was from Enzo Life Sciences (Farmingdale, NY, USA).
Enhanced chemiluminescence solution was from Millipore
(Billerica, MA, USA). DMEM, 0.05% Trypsin–EDTA,
NEUROBASALTM Media and B27 Supplement were pur-
chased from Invitrogen (Grand Island, NY, USA). Horse serum
and FBS were supplied by Hyclone (Logan, UT, USA). Other
chemicals were purchased from local commercial sources
and were of analytical grade.

Results

Celastrol prevents Cd-induced inactivation of
AMPKα and apoptosis in neuronal cells
Our recent study has shown that treatment with 0.1–1 μM of
celastrol for 24 h is not toxic to PC12 cells, and at 1 μM,
celastrol exhibits the most effective protection against
Cd-reduced viability in the cells (Chen et al., 2014a). Here,

we also observed that pretreatment with celastrol (1 μM) for
1 h ameliorated the cell death induced by 24-h exposure to
Cd (10 and 20 μM), as determined by Trypan blue exclusion
in PC12 and SH-SY5Y cells (Figure 1A). In addition, we inves-
tigated the cells with nuclear fragmentation and condensa-
tion, a hallmark of apoptosis (Hao et al., 2013), using DAPI
staining, and concurrently analysed DNA strand breaks in
the cells by TUNEL staining (Figure 1B). Imaged and quanti-
fied results revealed that celastrol significantly decreased the
percentage of the cells with nuclear fragmentation and con-
densation (arrows) and the number of TUNEL-positive cells
with fragmented DNA (in green) in PC12 cells, SH-SY5Y cells
and primary neurons induced by Cd exposure, compared
with the control (Figure 1B–D).

Furthermore, our Western blot analysis also showed that
celastrol significantly decreased Cd-elicited robust cleavage
of caspase-3 in PC12, SH-SY5Y cells and primary neurons
(Figure 2A and B). Interestingly, we found that celastrol mark-
edly prevented Cd-reduced phosphorylation of AMPKα
(Thr172) and its substrate ACC (Ser79) (Figure 2A and B), indi-
cating that celastrol inhibits Cd-inactivation of AMPKα,
which may prevent Cd-induced apoptotic cell death. To

Figure 1
Celastrol attenuated Cd-induced apoptosis in neuronal cells. PC12 cells, SH-SY5Y cells and primary neurons were exposed to Cd (10 or 20 μM) for
24 h post pretreatment with celastrol (1 μM) for 1 h. A Live cells were detected by counting viable cells using Trypan blue exclusion. B Apoptotic
cells were evaluated by nuclear fragmentation and condensation (arrows) using DAPI staining (upper panel) and concurrently by in situ detection
of fragmented DNA (in green) using TUNEL staining (lower panel). Scale bar: 20 μm. C and D The percentages of cells with fragmented nuclei and
the number of TUNEL-positive cells were quantified. For A, C and D, all data were expressed as mean � SE (n = 5). Using one-way ANOVA,
*P< 0.05, significantly different from control group; #P< 0.05, significantly different from 10 μMCd group; †P< 0.05, significantly different from
20 μM Cd group.
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confirm this, we further conducted phospho-AMPKα
(p-AMPKα) (Thr172) immunofluorescence staining and
caspase3/7 activity assay in PC12, SH-SY5Y cells and primary
neurons respectively. Treatment with Cd (10 and 20 μM) for
24 h resulted in a drastic decrease in phosphorylation of
AMPKα (Thr172) (in green), which was significantly attenu-
ated by celastrol pretreatment (Figure 2C and D). In line with
the inhibitory effect of celastrol on Cd-increased cleaved-cas-
pase-3, celastrol profoundly decreased Cd-induced activation
of caspases 3/7 in the cells (Figure 2E). These results

demonstrate that celastrol prevents Cd-induced inactivation
of AMPKα and apoptotic cell death in neuronal cells.

Celastrol attenuates Cd activation of mTOR by
preventing Cd inactivation of AMPKα
To test whether celastrol inhibition of Cd-induced apoptosis
is attributable to its prevention of mTOR activation, PC12
cells and primary neurons were pre-incubated with/without
rapamycin (a specific mTOR inhibitor) alone, or in

Figure 2
Celastrol attenuated Cd-induced inactivation of AMPK in neuronal cells. PC12 cells, SH-SY5Y cells and primary neurons were pretreated with
celastrol (1 μM) for 1 h, and then exposed to Cd (10 and 20 μM) for 4 h (for Western blotting) or 24 h (for immunofluorescence staining and cas-
pase-3/7 activity assay). A Total cell lysates were performed for Western blotting using indicated antibodies. The blots were probed for β-tubulin as
a loading control. Similar results were observed in at least three independent experiments. B The blots for p-AMPKα, p-ACC and cleaved-caspase-3
were semi-quantified. C and D Expression of p-AMPKα (Thr172) was stained and imaged using immunofluorescence, showing that treatment of
the cells with Cd for 24 h caused lower p-AMPKα expression (in green), which wasmarkedly increased by celastrol. Scale bar: 20 μm. E Caspase-3/7
activities were detected using Caspase-3/7 Assay Kit, showing that celastrol substantially inhibited Cd activation of caspases 3/7 in the cells. All
data were expressed as mean� SE (n = 3–5). Using one-way ANOVA, *P < 0.05, significantly different from control group; #P< 0.05, significantly
different from 10 μM Cd group; †P < 0.05, significantly different from 20 μM Cd group.
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Figure 3
Inhibition of mTOR potentiated celastrol prevention of Cd-induced apoptosis. PC12 cells and primary neurons, or PC12 cells infected with
lentiviral shRNA to mTOR or GFP (as control), respectively, were pretreated with/without rapamycin (200 ng·mL�1) for 48 h and then celastrol
(1 μM) for 1 h, or pretreated with/without celastrol for 1 h, followed by exposure to Cd (10 μM) for 4 h (for Western blotting) or 24 h (for cell
apoptosis analysis). A and D Total cell lysates were subjected to Western blotting using indicated antibodies. The blots were probed for β-tubulin
as a loading control. Similar results were observed in at least three independent experiments. (B and E) The blots for p-mTOR, p-S6K1, p-4E-BP1
and cleaved-caspase-3 were semi-quantified. C and F Apoptotic cells were evaluated by nuclear fragmentation and condensation using DAPI
staining. All data were expressed as mean � SE (n = 3–5). Using one-way or two-way ANOVA or Student’s t-test, *P < 0.05, significantly different
from control group; #P < 0.05, significantly different from 10 μM Cd group; †P < 0.05, significantly different from Cd+Celastrol group or
Cd+Rapamycin group; $P < 0.05, mTOR shRNA group significantly different from GFP shRNA group.
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combination with celastrol. We found that rapamycin
(200 ng·mL�1) or celastrol (1 μM) alone clearly suppressed
the phosphorylation of mTOR (Ser2448), S6K1 (Thr389) and
4E-BP1 (Thr70), as well as the cleavage of caspase-3 in the
cells induced by Cd exposure (Figure 3A and B). Especially,
co-treatment with celastrol/rapamycin exhibited a stronger
inhibitory effect on Cd-induced p-mTOR, p-S6K1, p-4E-BP1
and cleaved-caspase-3 (Figure 3A and B). Consistent with
this finding, the combination of celastrol with rapamycin
also exhibitedmore potent inhibition ofCd-elicited apoptosis
than celastrol or rapamycin alone, as shown by the pro-
portion of cells with fragmented nuclei (Figure 3C).

In agreement with the above findings, down-regulation of
mTOR using lentiviral shRNA to mTOR clearly prevented
Cd-induced p-S6K1, p-4E-BP1, cleavage of caspase-3 and cell
apoptosis, and potentiated the inhibitory effect of celastrol
in PC12 cells (Figure 3D–F). Taken together, our results
support the concept that celastrol decreases Cd activation of
mTOR-dependent neuronal apoptosis.

Next, we determined whether celastrol inhibits Cd activa-
tion of mTOR-dependent neuronal apoptosis by preventing
Cd inactivation of AMPKα. For this, PC12 cells and primary
neurons were pretreated with/without the AMPK inhibitor
compound C (20 μM) or the AMPK activator AICAR (2 mM)
for 1 h and then with/without celastrol (1 μM) for 1 h,
followed by exposure to Cd (10 μM) for 4 h or 24 h. As demon-
strated in Figure 4A and B, Cd markedly induced the decline
of p-AMPKα and p-ACC, and the elevation of p-mTOR,
p-S6K1, p-4E-BP1 and cleaved-caspase-3 in the absence or
presence of compound C. The effects appeared more potent
in the cells co-treated with Cd and compound C than in those
treated with Cd or compound C alone (Figure 4A and B).
Compound C alone profoundly affected the basal levels of
p-AMPKα, p-ACC, p-mTOR, p-S6K1, p-4E-BP1 and cleaved-
caspase-3 in the absence of celastrol and particularly hin-
dered the inhibitory effect of celastrol on Cd-triggered events
(Figure 4A and B). We also observed that compound C alone
strengthened the basal or Cd-induced apoptosis (Figure 4C).
Of note, compound C conferred high resistance to celastrol’s
inhibition of Cd-evoked apoptosis in the cells (Figure 4C). On
the contrary, AICAR alone caused partial restoration of
decreased p-AMPKα and p-ACC with a concomitant repres-
sion of elevated p-mTOR, p-S6K1 and p-4E-BP1 in the cells
in response to Cd (Figure 4D and E). Interestingly, AICAR
powerfully reinforced the inhibitory effect of celastrol on
Cd-elicited events (Figure 4D and E). Also, co-treatment with
celastrol and AICAR protected cells from Cd-induced
cleaved-caspase-3 and apoptosis more potently than celastrol
or AICAR alone (Figure 4D–F). These results support the idea
that celastrol inhibits Cd-induced mTOR activation and
apoptosis in part by activating AMPK in neuronal cells.

To confirm the above findings, PC12 cells, infected with
recombinant adenoviruses expressing HA-tagged dominant
negative AMPKα1 (Ad-dn-AMPKα), myc-tagged continuous-
active AMPKα (Ad-AMPKα-ca) and control virus encoding
GFP alone (Ad-GFP), respectively, were exposed to Cd
(10 μM) for 4 or 24 h following pretreatment with/without
celastrol (1 μM) for 1 h. As expected, a high level of HA-tagged
dn-AMPKα or myc-tagged AMPKα-ca was seen in Ad-dn-
AMPKα- or Ad-AMPKα-ca-infected cells, but not in Ad-GFP-
infected cells (control) (Figure 5A and D). Ectopic expression

of dn-AMPKα or AMPKα-ca strongly reduced or raised the
AMPK activity, because the basal or Cd-inhibited p-AMPK
and p-ACC was substantially down-regulated (Figure 5A and
B) or up-regulated (Figure 5D and E), as shown by Western
blotting. Of importance, expression of dn-AMPKα markedly
enhanced the basal or Cd-increased p-mTOR, p-S6K1,
p-4E-BP1, cleaved-caspase-3 and cell apoptosis and displayed
marked resistance to celastrol inhibition of Cd-induced
events (Figure 5A–C). However, in contrast, expression of
AMPKα-ca profoundly inhibited Cd-induced p-mTOR,
p-S6K1, p-4E-BP1, cleaved-caspase-3 and cell apoptosis,
which was potentiated by celastrol (Figure 5D–E). Taken to-
gether, our data demonstrate the importance of celastrol’s
prevention of Cd-inactivated AMPKα in suppressing Cd acti-
vation of mTOR and neuronal apoptosis.

Celastrol attenuates Cd-induced apoptosis by
suppressing induction of mitochondrial ROS
To investigate whether celastrol prevents Cd induction of
ROS-mediated neuronal apoptosis, ROS assay was performed.
We observed that pretreatment with celastrol (1 μM) for 1 h
significantly attenuated the intracellular ROS production in
PC12, SH-SY5Y cells and primary neurons induced by 24 h
exposure to Cd (Figure S1A and B), as measured by imaging
and quantifying using an oxidant-sensitive probe, CM-H-
2DCFDA. This was consistent with the findings of decreased
live cells and increased apoptosis observed by counting viable
cells as well as by DAPI and TUNEL staining (Figure 1) respec-
tively. Pretreatment with NAC, an antioxidant and ROS scav-
enger, clearly inhibited Cd-induced ROS levels (Figure 6A)
and markedly strengthened celastrol’s prevention of Cd-
evoked ROS in PC12, SH-SY5Y cells and primary neurons
(Figure 6A). Of note, co-treatment with celastrol and NAC
reduced the percentage of cells with fragmented nuclei
more potently than treatment with NAC or celastrol alone
in the cells (Figure 6B). NAC also diminished cleavages of
caspase-3 and PARP in the cells in response to Cd, and
substantially enhanced the inhibitory effect of celastrol
(Figure 6C and D). These findings indicate that celastrol
inhibits ROS-dependent cell death triggered by Cd.

We next sought to validate whether celastrol prevention
against Cd-induced neuronal apoptosis is dependent on mi-
tochondrial ROS induction. To answer this question, PC12
cells, SH-SY5Y cells and primary neurons were pretreated
with/without celastrol (1 μM) for 1 h, followed by exposure
to Cd (10 μM) in the presence or absence of rotenone
(0.5 μM), a mitochondrial complex I inhibitor, known to
stimulate ROS production (Moreno-Sanchez et al., 2013),
TTFA (10 μM), a mitochondrial complex II ubiquinone site
inhibitor with blockade of electron supply to ubiquinol and
consequential limiting the formation of ubisemiquinone
(Moreno-Sanchez et al., 2013), or antimycin A (50 μM), a
mitochondrial complex III inhibitor that increases the life-
time of ubisemiquinone (Lanju et al., 2014), for 24 h. We
showed that co-treatment with celastrol and TTFA relieved
Cd-induced ROS fluorescence more potently than treatment
with celastrol or TTFA alone in the cells (Figure S2A). In
contrast, treatment with rotenone or antimycin A alone
increased levels of ROS and there was a further increase in
ROS levels after exposure to Cd in the presence of rotenone
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Figure 4
Celastrol prevented Cd activation of mTOR pathway and apoptosis by suppressing Cd inactivation of AMPK. PC12 cells and primary neurons were
pretreated with/without compound C (20 μM) or AICAR (2 mM) for 1 h and then celastrol (1 μM) for 1 h, followed by exposure to Cd (10 μM) for
4 h (for Western blotting) or 24 h (for cell apoptosis analysis). A and D Total cell lysates were subjected to Western blotting using indicated anti-
bodies. The blots were probed for β-tubulin as a loading control. Similar results were observed in at least three independent experiments. B and E
The blots for p-AMPKα, p-ACC, p-mTOR, p-S6K1, p-4E-BP1 and cleaved-caspase-3 were semi-quantified. C and F Apoptotic cells were evaluated
by nuclear fragmentation and condensation using DAPI staining. All data were expressed as mean � SE (n = 3–5). Using one-way or two-way
ANOVA, *P < 0.05, significantly different from control group; #P < 0.05, significantly different from 10 μM Cd group; † P < 0.05, † Cd+Celastrol
group, Cd+Compound C group or Cd+AICAR group.
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Figure 5
Ectopic expression of dominant negative AMPKα enhanced celastrol preventing Cd activation of mTOR pathway and apoptosis. PC12 cells, in-
fected with Ad-dn-AMPKα, Ad-AMPKα-ca or Ad-GFP (as control), respectively, were pretreated with/without celastrol (1 μM) for 1 h, followed
by exposure to Cd (10 μM) for 4 h (for Western blotting) or 24 h (for cell apoptosis analysis). A and D Total cell lysates were subjected to Western
blotting using indicated antibodies. The blots were probed for β-tubulin as a loading control. Similar results were observed in at least three inde-
pendent experiments. (B and E) The blots for p-AMPKα, p-ACC, p-mTOR, p-S6K1, p-4E-BP1 and cleaved-caspase-3 were semi-quantified. C and F
Apoptotic cells were evaluated by nuclear fragmentation and condensation using DAPI staining. All data were expressed as mean � SE (n = 3–5).
Using one-way ANOVA or Student’s t-test, *P < 0.05, significantly different from control group; #P < 0.05, significantly different from 10 μM Cd
group; † P < 0.05, significantly different from Ad-dn-AMPKα group or Ad-AMPKα-ca group significantly different from Ad-GFP group.
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Figure 6
NAC potentiated celastrol’s protection against Cd-induced apoptosis. PC12 cells, SH-SY5Y cells and primary neurons were pretreated with/with-
out NAC (5 mM) for 1 h and then celastrol (1 μM) for 1 h, followed by exposure to Cd (10 μM) for 4 h (for Western blotting) or 24 h (for cell ROS
imaging and apoptosis analysis). A Cell ROS was imaged and quantified using an oxidant-sensitive probe CM-H2DCFDA. B Apoptotic cells were
evaluated by nuclear fragmentation and condensation using DAPI staining. C Total cell lysates were subjected to Western blotting using indicated
antibodies. The blots were probed for β-tubulin as a loading control. Similar results were observed in at least three independent experiments. D
The blots for cleaved-caspase-3 and cleaved-PARP were semi-quantified. All data were expressed as mean � SE (n = 3–5). Using one-way or two-
way ANOVA, *P< 0.05, significantly different from control group; #P< 0.05, significantly different from 10 μMCd group; † P< 0.05, significantly
different from Cd+Celastrol group or Cd+NAC group.
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or antimycin A, which was markedly inhibited by celastrol
pretreatment (Figure S2B and C). Of importance, pretreat-
ment with Mito-TEMPO (10 μM), a mitochondria-targeted
antioxidant (Yeh et al., 2014), markedly repressed
Cd-induced ROS levels (Figure 7A) and cell apoptosis
(Figure 7B), and dramatically strengthened the inhibitory
effects of celastrol on Cd-induced events in PC12 cells and
primary neurons (Figure 7A and B). In addition, we noticed
that Mito-TEMPO reversed the phosphorylated status of
AMPKα, ACC, mTOR, S6K1 and 4E-BP1, as well as cleavage
of caspase-3 in the cells, in response to Cd (Figure 7C and
D). Especially, co-treatment with celastrol and Mito-TEMPO
exhibited a stronger intervention for Cd-evoked events in

the cells (Figure 7C and D). Taken together, these data con-
firmed that celastrol attenuated Cd-induced mitochondrial
ROS, thereby preventing inactivation of AMPKα and conse-
quent activation of the mTOR signalling pathway, and,
finally, decreasing apoptosis in neuronal cells.

Modulation of AMPK/mTOR activity interferes
with the inhibitory effect of celastrol on
Cd-induced mitochondrial ROS
To dissect whether AMPKα and mTOR positively mediates
Cd-induced mitochondrial ROS and the role of celastrol in
preventing Cd-inducedmitochondrial ROS from inactivation

Figure 7
Celastrol prevented Cd-induced mitochondrial ROS-dependent AMPK inactivation, mTOR activation and apoptosis. PC12 cells and primary neu-
rons were pretreated with/without Mito-TEMPO (10 μM) for 1 h, celastrol (1 μM) for 1 h and then exposed to Cd (10 μM) for 4 h (for Western
blotting) or 24 h (for cell ROS imaging and apoptosis analysis). A Cell ROS was imaged and quantified using an oxidant-sensitive probe CM-
H2DCFDA. B Apoptotic cells were evaluated by nuclear fragmentation and condensation using DAPI staining. C Total cell lysates were subjected
to Western blotting using indicated antibodies. The blots were probed for β-tubulin as a loading control. Similar results were observed in at least
three independent experiments. D The blots for p-AMPKα, p-ACC, p-mTOR, p-S6K1, p-4E-BP1 and cleaved-caspase-3 were semi-quantified. All
data were expressed as mean � SE (n = 3–5). Using one-way or two-way ANOVA, *P < 0.05, significantly different from control group;
#P < 0.05, significantly different from 10 μM Cd group; † P < 0.05, significantly different from Cd+Celastrol group or Cd+Mito-TEMPO group.
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of AMPKα and activation of mTOR, PC12 cells and pri-
mary neurons were pretreated with/without rapamycin
(200 ng·mL�1) for 48 h, or compound C (20 μM) or AICAR
(2 mM) for 1 h, and then with/without celastrol (1 μM) or
Mito-TEMPO (10 μM) for 1 h, followed by exposure to Cd
(10 μM) for 24 h. We showed that treatment with compound
C alone greatly potentiated Cd-induced ROS generation
(Figure 8A and B), whereas treatment with AICAR or
rapamycin alone significantly decreased Cd-induced ROS
generation (Figure 8A and B), consistent with our previous
findings (Chen et al., 2011b). Of importance, there were more
inhibitory effects on Cd-induced ROS in the cells co-treated
with celastrol and AICAR or celastrol and rapamycin, or with
Mito-TEMPO and AICAR or Mito-TEMPO and rapamycin,
than in the cells treated with celastrol, Mito-TEMPO, AICAR
or rapamycin alone (Figure 8A and B). However, pretreatment
with compound C conferred resistance to celastrol’s or Mito-
TEMPO’s intervention in Cd-induced ROS (Figure 8A and B).

Next, PC12 cells were infected with Ad-dn-AMPKα,
Ad-AMPKα-ca or Ad-LacZ (as control), or with lentiviral
shRNA to mTOR or GFP, and then exposed to Cd (10 μM)
for 24 h post pre-incubation with or without celastrol
(1 μM) or Mito-TEMPO (10 μM) for 1 h respectively. The
results showed that expression of AMPKα-ca or down-
regulation of mTOR partly prevented the cells from ROS
overproduction caused by Cd, yet expression of dn-AMPKα
substantially enhanced ROS overproduction in the cells in
response to Cd (Figure 8C and D). Notably, expression of
AMPKα-ca or silencing mTOR strengthened the inhibitory
effects of celastrol or Mito-TEMPO on Cd-induced ROS in
the cells, whereas expression of dn-AMPKα inhibited the pro-
tection by celastrol or Mito-TEMPO against Cd-induced ROS
(Figure 8C and D). On the basis of these data, we conclude
that celastrol exerts a beneficial role in preventing Cd-
induced mitochondrial ROS from inactivation of AMPK and
activation of mTOR, which, in turn, also positively mediates
Cd-induced mitochondrial ROS.

Discussion
Recent advances in redox biology have suggested Cd-induced
ROS as a potential pathogenic factor in human neurodegen-
erative diseases, such as PD, AD and HD (Monroe and
Halvorsen, 2006; Goncalves et al., 2010; Jomova and Valko,
2011; Wang and Du, 2013). A series of studies from our group
have shown that Cd induction of ROS activated the mTOR
pathway contributing to neuronal cell death (Xu et al.,
2011; Chen et al., 2011b; Chen et al., 2011c; Chen et al.,
2014b), and that ROS-mediated inhibition of AMPK was a
critical step in this effect (Chen et al., 2011b). This prompted
us to seek a compound, which could be effective in inhibiting
Cd-induced, ROS-dependent, neuronal apoptosis. Celastrol, a
potent anti-inflammatory and antioxidant, has been reported
to exert neuroprotective effects in different models of neuro-
degenerative diseases (such as PD, AD and ALS) (Allison et al.,
2001; Cleren et al., 2005; Kiaei et al., 2005; Choi et al., 2014;
Zhao et al., 2014). However, high concentrations of celastrol
have detrimental effects on neuronal cells (Deng et al.,
2013; Chen et al., 2014a). For example, treatment with 5 μM
of celastrol reduced cell viability by about 50% in SH-SY5Y

cells (Deng et al., 2013). Celastrol, at high concentrations
(>1.5 μM), reduced cell viability of PC12 cells in a dose-
dependent manner, with an IC50 of ~8 μM (Chen et al.,
2014a). Therefore, muchmore attention should be paid to ra-
tional use of celastrol and its related preparations. Especially,
detailed pharmacokinetics data of celastrol is in great demand
to achieve the best clinical therapeutic efficacy and the least
toxicity of celastrol.

Recently, our group has shown that treatment with
0.1–1 μM of celastrol for 24 h is not toxic to PC12 cells, and
at 1 μM, celastrol exhibits the most effective protection
against Cd-reduced viability in the cells (Chen et al., 2014a).
So, 1 μM of celastrol was used in the present study. We found
that treatment with 1 μM of celastrol attenuated Cd-induced
apoptosis in PC12 cells, SH-SY5Y cells and primary neurons,
which was through preventing Cd inactivation of AMPK
and thus inhibiting Cd activation of mTOR in the cells. Over-
production of ROS was also dramatically attenuated by
celastrol treatment in Cd-exposed neuronal cells. This is con-
sistent with the finding that celastrol inhibits ROS generation
and thus exerts its neuroprotective effect on rotenone-
exposed SH-SY5Y cells (Deng et al., 2013). More interestingly,
celastrol significantly attenuated Cd-induced mitochondrial
ROS, thereby preventing inactivation of AMPK, activation
of mTOR, and apoptosis in neuronal cells. The results provide
new evidence supporting a role of celastrol in combating the
effects of Cd-induced ROS associated with neurodegenerative
disorders.

Given the potential therapeutic effects of celastrol, efforts
have beenmade to study pharmacokinetic profiles of celastrol
in animals andhuman, such as plasma celastrolmanifestation
in rats by oral administration or intravenous injection of
celastrol (Zhang et al., 2012). Plasma levels of celastrol inmale
and female subjects after oral administration of celastrol tab-
lets for more than 2 days have also been measured (Xu et al.,
2007). Interestingly, when Sprague–Dawley rats were admin-
istered orally with 1000 μg·kg�1 of pure celastrol and TGV tab-
lets (corresponding to 534 μg·kg�1 of celastrol), respectively,
the bioavailability of celastrol increased significantly from
17% for pure celastrol to 94% for TGV tablets containing
equivalent celastrol (Zhang et al., 2012). Following oral ad-
ministration of TGV tablets, the maximum serum concentra-
tion (Cmax) of celastrol was 32 � 8.4 μg·L�1 in female rats
(Zhang et al., 2012). Celastrol’s bioavailability in brain has
not been reported, but the neuroprotective effects of celastrol
onneurodegenerative diseases imply that celastrol could cross
the blood brain barrier. Undoubtedly, more studies on the bio-
availability and pharmacokinetics of celastrol are needed to
facilitate the in vivo studies of celastrol for prevention of Cd
neurotoxicity in animal models.

Our recent studies have revealed that celastrol inhibits
Cd-induced activation of mTOR pathway and neuronal apo-
ptosis (Chen et al., 2014a). In this study, we observed that
celastrol inhibited Cd-induced decline of p-AMPKα (Thr172)
and cleavage of caspase-3 in PC12 cells, SH-SY5Y cells and pri-
mary neurons (Figure 2), implying that celastrol prevents Cd
inactivation of AMPK, contributing to the protection of neu-
ronal cells from apoptosis. We also confirmed that celastrol
prevented Cd activation of mTOR-dependent neuronal apo-
ptosis, as inhibiting mTOR with rapamycin or silencing
mTOR by RNA interference potentiated celastrol’s inhibition
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Figure 8
Modulation of AMPK/mTOR activity influenced celastrol’s inhibition of Cd-induced mitochondrial ROS. PC12 cells and primary neurons, or PC12
cells infected with Ad-dn-AMPKα, Ad-AMPKα-ca or Ad-LacZ (as control) or with lentiviral shRNA to mTOR or GFP (as control), respectively, were
pretreated with/without rapamycin (200 ng·mL�1) for 48 h or compound C (20 μM) or AICAR (2 mM) for 1 h, and then celastrol (1 μM) or Mito-
TEMPO (10 μM) for 1 h, or pretreated with/without celastrol (1 μM) or Mito-TEMPO (10 μM) for 1 h, followed by exposure to Cd (10 μM) for 24 h.
A-D Cell ROS was imaged and quantified using an oxidant-sensitive probe CM-H2DCFDA. All data were expressed as mean � SE (n = 5). Using
one-way ANOVA or Student’s t-test, *P < 0.05, significantly different from control group; #P < 0.05, significantly different from 10 μM Cd group;
† P < 0.05, significant effect of Compound C, significant effect of AICAR or significant effect of rapamycin; $P < 0.05, Ad-dn-AMPKα group or
Ad-AMPKα-ca group significantly different from Ad-LacZ group, or mTOR shRNA group significantly different from GFP shRNA group.
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of Cd-induced phosphorylation of mTOR, S6K1 and 4E-BP1
and apoptosis in neuronal cells (Figure 3). It is known that
AMPK negatively regulates the mTOR pathway (Inoki et al.,
2003; Gwinn et al., 2008), and Cd activates mTOR pathway
by inhibiting AMPK (Chen et al., 2011b). Next, we asked
whether celastrol inhibited Cd activation of mTOR-
dependent neuronal apoptosis by preventing Cd inactivation
of AMPK. For this, pharmacological or genetic inhibition, or
rescue experiments for AMPKα were carried out. We found
that pharmacological inhibition of AMPKα with compound
C or expression of dn-AMPKα prevented celastrol from
hindering Cd-induced dephosphorylation of AMPK, phos-
phorylation of mTOR, S6K1 and 4E-BP1, as well as cleaved-
caspase-3 and cell apoptosis (Figure 4 and 5). In contrast,
pharmacological activation of AMPKα with AICAR or ectopic
expression of AMPKα-ca significantly attenuated Cd-induced
p-mTOR, p-S6K1, p-4E-BP1, cleaved-caspase-3 and cell
apoptosis, and strengthened the inhibitory effect of celastrol
on Cd-induced events in neuronal cells (Figure 4 and 5).
Taken together, these observations support the proposition
that celastrol counteracts Cd neurotoxicity by inhibiting Cd
inactivation of AMPK, thereby preventing activation of
mTOR pathway.

Abundant evidence has placed ROS at a critical position in
the pathogenesis of various CNS injuries/disorders (Chen
et al., 2010; Mates et al., 2010; Jomova and Valko, 2011). We
have demonstrated that Cd triggers ROS-dependent inactiva-
tion of AMPK leading to activation of mTOR pathway and ap-
optosis of neuronal cells (Chen et al., 2011b), whereas H2O2

inhibits mTOR signalling by activation of AMPK, leading to
apoptosis of neuronal cells (Chen et al., 2010), suggesting
that the main functional ingredient of ROS induced by Cd
may not be H2O2 in neuronal cells. It is well known that
ROS comprise oxygen radicals, including O2•, hydroxyl
(•OH), peroxyl (RO2•), alkoxyl (RO•) and certain non-
radicals that are oxidizing agents and/or are readily converted
into radicals, such as hypochlorous acid (HOCl), ozone (O3),
singlet oxygen (1O2) and H2O2 (Zhou et al., 2015). Currently,
we do not knowwhat kinds of ROS are induced by Cd. Further
research is needed to address this issue.

Celastrol belongs to the triterpene family. The natural
triterpenoids, such as quercetin, lupeol and naringenin, have
a potentiality for attenuating Cd toxicity (Sunitha et al., 2001;
Renugadevi and Prabu, 2010a; Renugadevi and Prabu,
2010b), and act as anti-oxidative agents, increasing resistance
to oxidative stress (Dumont et al., 2009). In the current study,
we found that celastrol could also detoxify Cd in neuronal
cells, which is consistent with the findings that celastrol pos-
sesses antioxidant property (Salminen et al., 2010; Jaquet
et al., 2011). Therefore, in this study, we next investigated
celastrol’s effects on Cd-induced ROS generation in neuronal
cells. We found that when celastrol-pretreated PC12 cells,
SH-SY5Y cells and primary neurons were exposed to Cd for
24 h, cellular ROS overproduction was significantly reduced
compared to the vehicle-pretreated cells (Figure S1). Of note,
co-treatment with celastrol and NAC resulted in more ROS
reduction in Cd-exposed cells (Figure 6A). NAC also substan-
tially enhanced the inhibitory effect of celastrol on
Cd-induced cell death (Figure 6B–D). The findings highlight
that celastrol may be exploited for the prevention of
Cd-induced ROS-dependent neuronal apoptosis.

Maintaining the functional integrity of mitochondria is
pivotal for neuronal cell survival and homeostasis (Karbowski
and Neutzner, 2012). However, neuronal mitochondria are
especially vulnerable to oxidative stress due to their role in
energy supply and use, causing excess ROS to be formed in
the mitochondria and reduction of mitochondrial biogenesis
(Seo et al., 2010; Palacios et al., 2011; Lu et al., 2012), which, in
turn, further promotes ROS induction and mitochondrial
dysfunction (Palacios et al., 2011; Woo and Shadel, 2011;
Karbowski and Neutzner, 2012; Chaturvedi and Flint Beal,
2013). Cd induces high ROS levels in the mitochondria of
PC12 cells, anterior pituitary cells, cortical neurons and brain
(Wang et al., 2004; Lopez et al., 2006; Xu et al., 2016). In this
study, using TTFA, rotenone, antimycin A or Mito-TEMPO,
we demonstrated that celastrol decreased Cd-induced mito-
chondrial ROS elevation in PC12 cells, SH-SY5Y cells and pri-
mary neurons (Figure S2 and 7). Subsequently, we found that
Cd-induced inactivation of AMPK and consequential activa-
tion of mTOR and caspase-3 were more effectively amelio-
rated in the cells co-treated with celastrol/Mito-TEMPO
than in the ones treated with celastrol or Mito-TEMPO alone
(Figure 7). To our knowledge, this is the first report showing
that celastrol prevents Cd-induced apoptosis in neuronal
cells by suppressing mitochondrial ROS-dependent AMPK-
mTOR signalling pathway.

Our previous studies suggested that the following three
events formed a loop: (1) treatment with Cd initially gener-
ates ROS, (2) the ROS subsequently inactivates AMPK, and
(3) eventually activates the mTOR signalling pathway
leading to increased translation of ROS-generating NADPH
oxidase 2 (NOX2) protein and its regulatory proteins
(p22phox, p40phox, p47phox, p67phox and Rac1), which, in
turn, produces more ROS and further inactivates AMPK and
activates mTOR (Chen et al., 2011b). This is supported by
the time course observations that treatment of PC12 cells
with Cd (10 μM) increases ROS level significantly within
2 h, but does not elevate NOX2 protein expression until
4–6 h (Chen et al., 2011b). The results support the notion that
Cd induces ROS generation initially coming from non-NOX
systems in the cells that secondarily up-regulate the expres-
sion of the ROS generating enzyme NOX2 and its regulatory
proteins. In the present study, we have shown that celastrol
directly attenuated Cd-induced ROS elevation, which caused
inactivation of AMPK and subsequent activation of mTOR,
suggesting that celastrol suppression of the initial stimula-
tion by Cd of ROS production was the most critical action.

In this study, interestingly, pretreatment with AICAR or
rapamycin, or over-expression of AMPKα-ca or down-
regulation of mTOR potentiated the inhibitory effects of
celastrol or Mito-TEMPO on Cd-induced ROS (Figure 8), yet
pretreatment with compound C or expression of dn-AMPKα
conferred resistance to the effects of celastrol or Mito-TEMPO
on Cd-induced ROS in the cells (Figure 8), suggesting that ac-
tivated AMPK or deactivated mTOR may feedback to up-
regulate Cd-induced mitochondrial ROS. Taken together, we
conclude that celastrol suppresses Cd-induced mitochondrial
ROS, which is essential for preventing Cd inactivation of
AMPK and activation of the mTOR pathway and, ultimately,
neuronal apoptosis. However, it is unclear whether celastrol
modulates ROS homeostasis by hindering ROS-generating
and/or -eliminating systems in neuronal cells in response to
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Cd. Further study is also needed to uncover why pharmaco-
logical deactivation/activation of AMPKα or deactivation of
mTOR, or genetic modulation to deactivate/activate AMPKα
or to inhibit mTOR affects the inhibition by celastrol, of Cd-
induced mitochondrial ROS in neuronal cells.

In conclusion, we have shown that celastrol attenuated
Cd activation of mTOR-dependent apoptosis by preventing
Cd inactivation of AMPK in neuronal cells. Further investiga-
tion revealed that celastrol relieved Cd-evoked neuronal apo-
ptosis by preventing mitochondrial ROS inactivation of
AMPK, thus suppressing activation of the mTOR pathway
(Figure 9). Our results suggest that celastrol may be a promis-
ing agent for prevention of Cd-induced oxidative stress and
neurodegenerative diseases.
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Figure S1 Celastrol suppressed Cd induction of ROS in neu-
ronal cells. PC12 cells, SH-SY5Y cells and primary neurons
were pretreated with/without celastrol for 1 h, followed by
exposure to Cd (10 and 20 μM) 24 h. (A and B) Cell ROS was

imaged and quantified using an oxidant-sensitive probe
5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA), showing that Cd-evoked strong
ROS fluorescence (in green) was significantly inhibited by
celastrol in the cells. All data were expressed as mean � SE
(n = 5). Using one-way ANOVA, aP < 0.05, difference with
control group; bP < 0.05, difference with 10 μM Cd group;
cP < 0.05, difference with 20 μM Cd group.
Figure S2 Celastrol attenuated Cd-induced mitochondrial
ROS in neuronal cells. PC12 cells, SH-SY5Y cells and primary
neurons were pretreated with/without celastrol (1 μM) for 1 h
and then exposed to Cd (10 μM) in the presence or absence
of thenoyltrifluoroacetone (TTFA) (10 μM), rotenone (0.5 μM)
or antimycin A (50 μM) for 24 h. (A-C) Cell ROS was imaged
and quantified using an oxidant-sensitive probe CM-
H2DCFDA. All data were expressed as mean � SE (n = 5). Using
one-way or two-way ANOVA, aP< 0.05, differencewith control
group; bP < 0.05, difference with 10 μM Cd group; cP < 0.05,
difference with Cd/Celastrol group, Cd/TTFA group,
Cd/Rotenone or Cd/Antimycin A group.
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