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Abstract

Cadmium (Cd), a toxic environmental contaminant, induces neurodegenerative diseases. Celastrol,

a plant-derived triterpene, has shown neuroprotective effects in various disease models. However,

little is known regarding the effect of celastrol on Cd-induced neurotoxicity. Here, we show that

celastrol protected against Cd-induced apoptotic cell death in neuronal cells. This is supported by

the findings that celastrol strikingly attenuated Cd-induced viability reduction, morphological

change, nuclear fragmentation, and condensation, as well as activation of caspase-3 in neuronal

cells. Concurrently, celastrol remarkably blocked Cd-induced phosphorylation of c-Jun N-terminal

kinase (JNK), but not extracellular signal-regulated kinases 1/2 and p38, in neuronal cells.

Inhibition of JNK by SP600125 or over-expression of dominant negative c-Jun potentiated

celastrol protection against Cd-induced cell death. Furthermore, pre-treatment with celastrol

prevented Cd down-regulation of phosphatase and tensin homolog deleted on chromosome 10

(PTEN) and activation of phosphoinositide 3′-kinase/protein kinase B (Akt)/mammalian target of

rapamycin (mTOR) signaling in neuronal cells. Over-expression of wild-type PTEN enhanced

celastrol inhibition of Cd-activated Akt/mTOR signaling and cell death in neuronal cells. The

findings indicate that celastrol prevents Cd-induced neuronal cell death via targeting JNK and

PTEN-Akt/mTOR network. Our results strongly suggest that celastrol may be exploited for the

prevention of Cd-induced neurodegenerative disorders.
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Cadmium, a toxic transition metal, is also an environmental contaminant, which is mainly

released from smelting and refining of metals, burning of chemical fuels and municipal

wastes, and cigarette smoking. Its very long biological half-life (15–20 years) is responsible

for accumulation in many human organs, including kidney (Johri et al. 2010), liver (Koyu et

al. 2006), lung (Jiang et al. 2008), testis (Thompson and Bannigan 2008), bone (Akesson et

al. 2006), blood system (Kocak and Akcil 2006), which leads to their structural and

functional damages. As cadmium (Cd) has high blood–brain barrier permeability, clinical

data have shown that chronic Cd exposure affects the nervous system such as learning

disabilities and hyperactivity in children (Pihl and Parkes 1977; Wright et al. 2006),

olfactory dysfunction, and neurobehavioral defects in attention, psychomotor speed, and

memory in workers (Jarup et al. 1993). Besides that, Parkinsonism after acute Cd poisoning

has been reported (Okuda et al. 1997). Accumulated evidence implicates that Cd

intoxication is a possible etiological factor of neurodegenerative diseases, such as

Parkinson’s disease (PD), Alzheimer’s disease (AD), and amyotrophic lateral sclerosis

(ALS) (Okuda et al. 1997; Panayi et al. 2002; Chen et al. 2011c).

Mounting studies have demonstrated that sustained activation of c-Jun N-terminal kinase

(JNK), extracellular signal-regulated kinase 1/2 (Erk1/2), and/or p38 MAPK contribute to

Cd-induced apoptosis in various cells, including neuronal cells (Rockwell et al. 2004; Kim

et al. 2005). Recently, we have found that all three MAPK members can be activated by Cd

in neuronal cells, and identified that Cd-induced neuronal apoptosis is partially associated

with activation of JNK and Erk1/2, but not p38 (Chen et al. 2008). A number of studies have

revealed that mammalian target of rapamycin (mTOR) activity, which plays an important

role in differentiation, development and survival of neurons, is modified in various

pathologic states of the nervous system such as neurodegenerative disorders and brain

tumors (Ravikumar et al. 2004; Swiech et al. 2008). Our group has demonstrated that Cd-

induced neuronal apoptosis is also partially involved in activation of mTOR pathway in

neuronal cells, and Cd activates mTOR pathway by inhibiting negative regulator

phosphatase and tensin homolog on chromosome 10 (PTEN), a dual-specificity protein and

lipid phosphatase (Chen et al. 2008, 2011b). Thus, we deduce that a compound that can

inhibit MAPK and mTOR signaling network may be protective against Cd-poisoning.

Celastrol, a quinone methide triterpene, is a pharmacologically active compound extracted

from the root of the plant Tripterygium wilfordii (Thunder of God vine). Celastrol has been

shown to possess a wide variety of biological and pharmacological effects, including

antioxidant, anti-apoptotic, anti-inflammatory, and anti-carcinogenic properties (Salminen et

al. 2010; Kannaiyan et al. 2011). Celastrol inhibits growth and induces apoptotic cell death

by activating JNK or p38 MAPK in cancer cells (Chen et al. 2011a; Kannaiyan et al. 2011)

and microglial cells (Boridy et al. 2012), and by suppressing phosphoinositide 3′-kinase/

protein kinase B (Akt) signaling in wide variety of human tumor cells (Kannaiyan et al.

2011; Lee et al. 2012). Anti-carcinogenic ability of celastrol is partially attributed to

effectively suppressing activated mTOR signaling pathway (Pang et al. 2010; Kannaiyan et

al. 2011; Li et al. 2012). Interestingly, celastrol also has neuroprotective effects in the

models of neurodegenerative disorders, such as PD, AD, and ALS (Allison et al. 2001;

Cleren et al. 2005; Kiaei et al. 2005). However, whether and how celastrol protects against
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Cd neurotoxicity is largely unknown. Here, for the first time, we show that celastrol

prevented Cd-induced neuronal apoptosis via inhibiting activation of JNK and mTOR

signaling pathways. Furthermore, celastrol suppressed Cd-induced activation of mTOR

signaling pathway and neuronal apoptosis by elevating PTEN activity.

Materials and methods

Materials

Cadmium chloride was purchased from Sigma (St. Louis, MO, USA) and dissolved in sterile

distilled water to prepare the stock solutions (10 and 20 mM), aliquoted, and stored at 23°C

for all experiments. Dulbecco’s modified Eagle’s medium, 0.05% Trypsin-EDTA,

NEUROBASAL™ Media, and B27 Supplement were purchased from Invitrogen (Grand

Island, NY, USA). Horse serum and fetal bovine serum were supplied by Hyclone (Logan,

UT, USA). Enhanced chemiluminescence solution was from Millipore (Billerica, MA,

USA). The MAPK inhibitors, SP600125, U0126, and PD169136 were obtained from LC

Laboratories (Woburn, MA, USA). The following antibodies were used: phospho-Akt

(Ser473), phospho-S6 kinase 1 (S6K1) (Thr389), phospho-Erk1/2 (Thr202/Tyr204),

phospho-p38 (Thr180/Tyr182), phospho-4E-BP1 (Thr70), 4E-BP1, caspase-3 (all from Cell

Signaling Technology, Beverly, MA, USA), Akt, S6K1, Erk2, JNK1, phospho-JNK

(Thr183/Tyr185), c-Jun, phospho-c-Jun (Ser63), p38 (all from Santa Cruz Biotechnology,

Santa Cruz, CA, USA), β-tubulin (Sigma), goat anti-rabbit IgG-horseradish peroxidase

(HRP), goat anti-mouse IgG-HRP, and rabbit anti-goat IgG-HRP (Pierce, Rockford, IL,

USA). 4′,6-diamidino-2-phenylindole (DAPI), 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT), poly-D-lysine (PDL), and celastrol were from Sigma.

Other chemicals were purchased from local commercial sources and were of analytical

grade.

Cell culture

Rat pheochromocytoma (PC12) cell line was from American Type Culture Collection

(ATCC) (Manassas, VA, USA), which was used for no more than 10 passages, and

maintained in antibiotic-free Dulbecco’s modified Eagle’s medium supplemented with 10%

horse serum and 5% fetal bovine serum. Cells were incubated at 37°C in a humidified

incubator containing 5% CO2.

To isolate primary neurons, female ICR mice were purchased from the Laboratory Animal

Center, Nanjing Medical University (Nanjing, China). Animals were handled in accordance

with the ARRIVE guidelines and the guidelines of the Institutional Animal Care and Use

Committee, and were in compliance with the guidelines set forth by the Guide for the Care

and Use of Laboratory Animals. Fetal mouse cerebral cortexes of 14–18 days of gestation

were used and primary murine neurons were isolated as described (Chen et al. 2010). Next,

the cells were seeded at a density of 2 × 106 cells/well in a 6-well plate coated with 10

μg/mL PDL in NEUROBASAL™ Media (Invitrogen) supplemented with 2% B27

Supplement (Invitrogen), 2 mM glutamine (Invitrogen), 1 mM sodium pyruvate

(Invitrogen), 5 μg/mL insulin (Sigma), and 40 μg/mL of gentamicin (Invitrogen), and grown
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in a humid incubator (37°C, 5% CO2). Fresh medium was replaced every 3 days. The cells

were used for experiments after 6 days of culture.

Recombinant adenoviral constructs and infection of cells

The recombinant adenoviral vectors encoding FLAG-tagged dominant negative c-Jun

(FLAG-Δ169) (Ad-dn-c-Jun), wild-type human PTEN (Ad-PTEN), and green fluorescence

protein (Ad-GFP) were described previously (Chen et al. 2008, 2011b). The viruses were

amplified, titrated, and used as described (Huang et al. 2003; Liu et al. 2008). For

experiments, PC12 cells were grown in the growth medium and infected with the individual

adenovirus for 24 h at five of multiplicity of infection (MOI = 5). Subsequently, cells were

used for experiments. Ad-GFP served as a control. Expression of PTEN and FLAG-tagged

dn-c-Jun was determined by western blot analysis with antibodies to PTEN and FLAG,

respectively.

Cell viability evaluation and morphological analysis

PC12 cells were seeded in a 96-well plate (1 × 104 cells/well) or 6-well plate (5 × 105 cells/

well), pre-coated with PDL (0.2 μg/mL). Next day, cells were treated with different

concentration of celastrol (0–10 μM) for 24 h, with/without Cd (10 and 20 μM) for 24 h

following pre-incubation with/without celastrol (0.1, 0.5, and 1 μM) for 1 h, or with/without

Cd (10 μM) for 24 h following pre-incubation with/without celastrol (1 μM) in the presence

or absence of SP600125 (20 μM), U0126 (5 μM), or PD169136 (20 μM) for 1 h with five

replicates of each treatment. In some cases, after infection with Ad-PTEN, Ad-dn-c-Jun, or

Ad-GFP, the cells were pre-treated with 1 μM celastrol for 1 h and then exposed to Cd (10

μM) for 24 h. Subsequently, cell viability was evaluated by MTT assay as described (Chen

et al. 2011c). The images for morphological analysis were taken with a Nikon Eclipse

TE2000-U inverted phase-contrast microscope (Nikon, Tokyo, Japan) (200×) equipped with

a digital camera.

LDH release assay

Cytotoxicity was determined by measuring cell membrane damage through the release of

lactate dehydrogenase (LDH). PC12 cells were seeded in PDL-coated 96-well plates and

incubated overnight in the complete growth medium, and then treated with celastrol at the

indicated concentrations (0–10 μM) for 24 h. LDH activities in culture medium were

evaluated using a LDH assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,

China) according to the protocol suggested by the supplier.

DAPI staining

Cells were seeded at a density of 5 × 105 cells/well in a 6-well plate containing a PDL-

coated glass coverslip per well. Next day, cells were exposed to Cd (10 and 20 μM)

following pre-incubation with/without celastrol (0.1, 0.5 and 1 μM) for 1 h. After treatment

with Cd for 24 h, the cells with fragmented and condensed nuclei were determined using

DAPI staining as described (Chen et al. 2008). Photographs were taken with a fluorescence

microscope (Nikon 80i, Japan) equipped with a digital camera.
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Western blot analysis

PC12 cells and/or primary neurons were seeded at a density of 2 × 106 cells/well in a PDL-

coated 6-well plate. Next day, cells were treated with/without Cd (10 and 20 μM) for 12 h

following pre-incubation with/without celastrol (0.1, 0.5, and 1 μM) for 1 h, or with/without

Cd (10 μM) for 12 h following pre-incubation with/without celastrol (1 μM) in the presence

or absence of SP600125 (20 μM), U0126 (5 μM), or PD169136 (20 μM) for 1 h. In addition,

after infection with Ad-PTEN, Ad-dn-c-Jun or Ad-GFP, PC12 cells were pre-treated with

celastrol (1 μM) for 1 h and then exposed to Cd (10 μM) for 12 h. Finally, western blotting

was performed as described (Chen et al. 2008). The blots for detected proteins were semi-

quantified using NIH Image J software (http://rsb.info.nih.gov/nih-image/) and were

normalized using β-tubulin as an internal control.

Statistical analysis

Results were expressed as Mean ± SE. The Student’s t-test for non-paired replicates 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.

Results

Celastrol attenuates Cd-induced cell viability reduction and morphological change in
neuronal cells

To find an appropriate concentration of celastrol for the studies, we first performed cell

viability assay for PC12 cells treated with celastrol. As shown in Fig. 1a, at low

concentrations (0.1–1 μM), treatment of PC12 cells with celastrol for 24 h did not affect cell

viability significantly. However, at high concentrations (> 1.5 μM), celastrol reduced the cell

viability significantly and in a concentration-dependent manner (Fig. 1a). This is consistent

with the notion that celastrol displays cytotoxicity when its concentration exceeds cell

toleration (Sun et al. 2010). Our LDH release assay further showed that significant cytotoxic

effects triggered by celastrol appeared at high concentrations (2–10 μM), but not at low

concentrations (0.1–1.5 μM) (Fig. 1b). Therefore, the data indicate that 0.1–1 μM celastrol is

not toxic to PC12 cells, which can be used to study its protective effect on Cd-induced

neurotoxicity.

To test whether celastrol exerts a protective effect on Cd-induced neuronal cell death, PC12

cells were pre-incubated with celastrol (0–1 μM) for 1 h, followed by treatment with/without

Cd (10 and 20 μM) for 24 h. By phase-contrast microscopic observation, many PC12 cells,

because of exposure to Cd alone, became round or shrunken. Celastrol alone did not

apparently alter cell morphology, but markedly prevented Cd-induced morphological change

in the cells (Fig. 2a). Consistently, we observed that cell viability in the Cd plus celastrol

group was significantly higher than that in the Cd alone group (Fig. 2b). At 1 μM, celastrol

exhibited a best protection against Cd-reduced viability or altered morphology in the cells

(Fig. 2a and b). The results suggest that celastrol may prevent Cd-induced neuronal cell

death.
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Celastrol prevents Cd-induced apoptosis in neuronal cells

Earlier studies have consistently shown that Cd mediates neurotoxicity, which is attributed

to its induction of neuronal cell apoptosis (Lopez et al. 2003; Mendez-Armenta and Rios

2007). To evaluate the effect of celastrol on Cd-induced neuronal apoptosis, PC12 cells were

treated with Cd (10 and 20 μM) for 24 h following pre-incubation with celastrol for 1 h.

Subsequently, DAPI staining was used to assess nuclear fragmentation and condensation, a

hallmark of apoptosis (Hao et al. 2013). We found that treatment with Cd for 24 h

significantly increased nuclear fragmentation and condensation, which was markedly

attenuated by celastrol in a concentration-dependent fashion (Fig. 3a and b), revealing that

celastrol has an obvious protective effect on Cd-induced neuronal apoptosis.

To gain more insights into in the event that celastrol possesses neuroprotection by reversing

Cd-induced neuronal apoptosis, we determined proteolytic cleavages of caspase-3 in PC12

cells and primary neurons. Our western blot results showed that treatment with Cd resulted

in robust activation of caspase-3 in PC12 cells and primary neurons, as detected by

increased cleavages of caspase-3 (Fig. 3c and d). However, celastrol strikingly blocked the

event dose-dependently, consistent with the result from DAPI staining.

Celastrol inhibits Cd-induced neuronal cell death by blocking JNK pathway

Studies have shown that celastrol may alter the activity of MAPKs including JNK, Erk1/2,

and/or p38 under different conditions (Yu et al. 2010; Zhu et al. 2010; Chen et al. 2011a;

Kannaiyan et al. 2011; Boridy et al. 2012). We have demonstrated that Cd activates JNK,

Erk1/2, and p38, but only JNK and Erk1/2 participate in Cd-induced apoptosis in neuronal

cells (Chen et al. 2008). Therefore, we hypothesized that celastrol might prevent Cd-induced

neuronal apoptosis by inhibiting MAPK pathway. To this end, PC12 cells and primary

neurons were pre-treated with celastrol (0–1 μM) for 1 h, and then exposed to Cd (10 and 20

μM) for 12 h, followed by western blot analysis. We found that celastrol slightly activated

the basal level of phosphorylation of JNK, Erk1/2, and p38 in PC12 cells and primary

neurons (Fig. 4a–d). However, the effects of celastrol on Cd-activated MAPKs were

complex. It appeared that celastrol remarkably inhibited Cd-induced phosphorylation of

JNK, particularly protein expression and phosphorylation of c-Jun, a substrate of JNK (Fig.

4a and b). Celastrol slightly enhanced Cd-induced phosphorylation of Erk1/2, but did not

obviously affect Cd-induced phosphorylation of p38 (Fig. 4c and d). Our previous studies

have demonstrated that Cd activates JNK, Erk1/2, and p38, but only JNK and Erk1/2

participate in Cd-induced apoptosis of neuronal cells (Chen et al. 2008). To determine how

JNK, Erk1/2 and p38 are involved in celastrol prevention against Cd-induced cell death,

SP600125 (JNK inhibitor), U0126 (MEK1/2 inhibitor), and PD169136 (p38 inhibitor) were

employed. When PC12 cells were treated with celastrol (1 μM), SP600125 (20 μM), U0126

(5 μM), or PD169136 (20 μM) alone, or co-treated with celastrol (1 μM)/SP600125 (20 μM),

U0126 (5 μM), or PD169136 (20 μM) for 1 h, and then exposed to Cd (10 μM) for 12 h, we

found that celastrol or SP600125 alone remarkably attenuated Cd-induced activation of

JNK/c-Jun and caspase-3 in PC12 cells (Fig. 4e and f). Furthermore, co-treatment with

celastrol/SP600125 exhibited a stronger inhibitory effect on Cd-induced JNK and caspase

activation (Fig. 4e and f). In line with this, co-treatment with celastrol/SP600125 also

rescued cells from Cd-induced death more potently than celastrol or SP600125 alone (Fig.
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4g). In addition, consistent with our previous findings (Chen et al. 2008), although U0126 (5

μM) and PD169136 (20 μM) blocked Cd-induced phosphorylation of Erk1/2 and p38,

respectively, only U0126 partially attenuated Cd-induced cell death. However, neither

celastrol/U0126 nor celastrol/PD169136 co-treatment enhanced the protective effect of

celastrol on Cd-induced cytotoxicity (data not shown). Taken together, our data suggest that

celastrol may prevent Cd-induced neuronal cell death partially by blocking JNK pathway.

Expression of dominant negative c-Jun strengthened celastrol inhibition of Cd-induced
neuronal apoptosis

To confirm the finding that celastrol inhibits Cd-activation of JNK cascade, preventing cell

death, PC12 cells, infected with recombinant adenoviral vectors expressing dominant

negative (dn) c-Jun (Ad-dn-c-Jun) and GFP (Ad-GFP) (as control), respectively, were pre-

treated with celastrol (1 μM) for 1 h, and then exposed to Cd (10 μM) for 12 h. Western blot

analysis revealed that ectopic expression of dn-c-Jun obviously blocked Cd-induced

phosphorylation of c-Jun (Fig. 5a). Consistently, Cd activation of caspase-3 was apparently

attenuated by expression of dn-c-Jun (Fig. 5a and b). Furthermore, our cell viability assay

revealed that expression of dn-c-Jun also partially protected PC12 cells from death induced

by Cd (Fig. 5c). Moreover, addition of celastrol exhibited more inhibitory effect on Cd-

activated c-Jun and cell death (Fig. 5a–c). Therefore, our results indicate that celastrol

inhibits Cd-induced cell death in neuronal cells at least in part through blocking JNK

cascade.

Celastrol blocks Cd-induced neuronal cell death by preventing Cd inactivation of PTEN
and activation of Akt/mTOR

Akt/mTOR signaling is crucial not only for cell proliferation/growth but also for cell

survival (Bai and Jiang 2010; Don et al. 2012). Studies have implicated that celastrol

inhibits proliferation and survival by inhibiting Akt/mTOR pathway in tumor cells (Pang et

al. 2010; Kannaiyan et al. 2011; Li et al. 2012). Our previous studies have identified that Cd

activates Akt/mTOR pathway leading to apoptosis of the neuronal cells (Chen et al. 2008).

Therefore, we asked whether celastrol inhibits Cd-induced neuronal apoptosis by blocking

Cd-activated Akt/mTOR signaling. To this end, the effect of celastrol on Cd-induced

phosphorylation of Akt, S6K, and 4E-BP1 was detected. We found that pre-treatment with

celastrol remarkably inhibited Cd-induced phosphorylation of Akt, S6K, and 4E-BP1 in

PC12 cells and primary neurons (Fig. 6a and b). At 1 μM, celastrol almost completely

blocked the events (Fig. 6a and b). Consistent with our previous finding (Chen et al. 2011b),

we found that Cd-activated Akt/mTOR was associated with down-regulation of PTEN, a

negative regulator of Akt-mTOR pathway (Fig. 6a and b). Interestingly, treatment with

celastrol was able to strikingly prevent Cd-induced decrease in PTEN expression dose-

dependently in PC12 cells and primary neurons (Fig. 6a and b), suggesting that celastrol

inhibits Cd-activation of Akt/mTOR probably by preventing Cd from reducing PTEN

expression.

To corroborate the above finding, PC12 cells were infected with recombinant adenoviral

vector (Ad-PTEN) encoding wild-type human PTEN or Ad-GFP (as control) and then

exposed to Cd (10 μM) for 12 h post pre-incubation with/without celastrol (1 μM) for 1 h,
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followed by western blot analysis. We observed that the infection with Ad-PTEN increased

the expression of PTEN and slightly inhibited the basal levels of phosphorylation of Akt and

S6K1, compared to the infection with Ad-GFP (Fig. 6c and d). In agreement with the above

result, treatment with Cd decreased PTEN expression, and correspondingly increased

phosphorylation of Akt and S6K1 in the control cells infected with Ad-GFP (Lane 3 vs.

Lane 1). Over-expression of PTEN blocked Cd-activated phosphorylation of Akt and S6K1

(Lane 7 vs. Lane 3) (Fig. 6c and d). Celastrol attenuated Cd-induced decrease in PTEN

expression and increase in Akt/S6K1 phosphorylation (Lane 4 vs. Lane 3). Furthermore,

over-expression of PTEN was able to potentiate the inhibitory effect of celastrol on Cd-

induced phosphorylation of Akt/S6K1 (Lane 8 vs. Lane 4). Moreover, over-expression of

PTEN also enhanced the protective effect of celastrol against Cd-induced cleavage of

caspase-3 (Lane 8 vs. Lane 4) (Fig. 6c and d). By cell viability assay and morphological

analysis, we observed that over-expression of PTEN alone partially prevented Cd-induced

cell death in PC12 cells (Fig. 6e and f). Addition of celastrol elicited more significant

protection against Cd-induced cell death (Fig. 6e and f). Collectively, the findings support

the notion that celastrol inhibits Cd-activated Akt/mTOR pathway, as well as cell death in

neuronal cells, by preventing Cd from reducing PTEN expression.

Discussion

Cadmium, as one of the most toxic environmental and industrial pollutants, targets several

organs and tissues such as kidney (Johri et al. 2010), blood (Kocak and Akcil 2006), bones

(Akesson et al. 2006), testis (Thompson and Bannigan 2008), and brain (Okuda et al. 1997;

Lopez et al. 2003; Mendez-Armenta and Rios 2007), resulting in nephrotoxicity,

immunotoxicity, osteotoxicity, genotoxicity, neurotoxicity, and tumors following either

acute or chronic exposure. Current effective therapy for acute Cd- poisoning is mainly

utilizing chelating agents to increase the excretion of Cd, but this method is not suitable for

long-term exposure to Cd because of the side effects of the chelators (Nordberg 1984;

Sinicropi et al. 2010). Celastrol, a natural compound extracted from the plant Tripterygium

wilfordii, has been recognized as an effective agent for neurodegenerative diseases because

of its neuroprotective effects on PD, AD, and ALS (Allison et al. 2001; Cleren et al. 2005;

Kiaei et al. 2005). However, whether it has a protective effect on Cd-induced neurotoxicity

remains unknown. Here, for the first time, we present evidence that celastrol protects against

Cd-induced apoptotic cell death in neuronal cells. This is supported by the findings that

celastrol attenuated Cd-reduced viability and altered morphology of neuronal cells, and

strikingly blocked nuclear fragmentation and condensation, and activation of caspase-3 in

neuronal cells induced by Cd exposure. These results are in line with the recent studies on

natural compound inhibiting Cd toxicity. Abib et al. have demonstrated that epigallocatechin

3-gallate plays a potent protective role in Cd-induced rat brain mitochondrial dysfunction

(Abib et al. 2011). Similarly, curcumin and resveratrol also individually prevent Cd-induced

oxidative damage (Eybl et al. 2006). Our data suggest that celastrol has an ability to

detoxicate Cd in neuronal cells as well.

In the studies, we found that celastrol inhibited Cd-induced phosphorylation of JNK

including its downstream molecule, protein expression and phosphorylation of c-Jun, but not

Cd-induced phosphorylation of Erk1/2 and p38 (Fig. 4b) in PC12 cells and primary neurons.
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Our previous studies have demonstrated that Cd activates JNK, Erk1/2, and p38, but only

JNK and Erk1/2 participate in Cd-induced apoptosis of neuronal cells (Chen et al. 2008). To

confirm the role of celastrol in inhibition of Cd-induced activation of JNK pathway and

neuronal apoptosis, pharmacological inhibitor for JNK activity or genetic manipulation for

c-Jun activity was utilized. Co-treatment with celastrol and JNK inhibitor SP600125

attenuated Cd-induced activation of JNK/c-Jun and caspase-3, as well as apoptosis of

neuronal cells more potently than single treatment with celastrol or SP600125. Furthermore,

ectopic expression of dn-c-Jun also strengthened celastrol inhibition of Cd-induced neuronal

apoptosis. Our finding is in consistence with a recent report that celastrol has protective

effect in rat cerebral ischemia model through down-regulation of phospho-JNK and

phospho-c-Jun (Li et al. 2012). Therefore, our data support the notion that celastrol protects

against Cd-induced neuronal apoptosis partially by blocking JNK pathway.

It is worth mentioning that the effects of celastrol on Cd-activated MAPKs in neuronal cells

were unexpectedly complicated. In this study, we found that celastrol slightly activated the

basal level of phosphorylation of JNK, Erk1/2, and p38. However, celastrol inhibited Cd-

induced phosphorylation of JNK, slightly activated Cd-induced Erk1/2, and did not

obviously affect Cd-induced activation of p38 in PC12 cells. Our results are is in contrast to

the findings in non-neuronal cells. For instance, celastrol exerts its anti-inflammatory

activity by inhibiting Erk1/2 in basophilic leukemia (RBL-2H3) cells (Kim et al. 2009), and

attenuates hypertension-induced inflammation and oxidative stress partially by inhibiting

Erk1/2 in vascular smooth muscle cells (Yu et al. 2010). Celastrol inhibits cell adhesion and

β1 integrin function partially by activating p38 MAPK in mouse melanoma (B16F10) and

human lung cancer (95-D) cells (Zhu et al. 2010), and induces apoptosis and autophagy by

activating p38, JNK and Erk1/2 in cervix (HeLa), lung (A549), and prostate (PC-3 cancer

cells) (Wang et al. 2012). Celastrol inhibits lipopolysaccharide-induced inflammatory

signaling and cytokine release from microglial cells by inhibiting p38 (Boridy et al. 2012).

The above findings suggest that the effects of celastrol on MAPKs are dependent on cell

lines or experimental conditions (e.g., stimuli) used.

Akt/mTOR signaling is crucial for cell growth, differentiation, and survival (Bai and Jiang

2010; Don et al. 2012). Studies have shown that celastrol suppresses proliferation and

promotes apoptosis in many kinds of tumor cells via blocking Akt/mTOR pathway (Pang et

al. 2010; Yu et al. 2010; Kannaiyan et al. 2011; Lee et al. 2012). Our previous evidence has

demonstrated that Cd activates Akt/mTOR signaling pathway, promoting neuronal apoptosis

(Chen et al. 2008). This prompted us to test whether celastrol exerts a protective effect

through inhibition of Cd-activated Akt/mTOR signaling in neuronal cells. As expected, we

found that pre-treatment with celastrol did obviously attenuate Cd-induced phosphorylation

of Akt, S6K, and 4E-BP1, as well as cell death in PC12 cells and primary neurons. Recently,

we have further observed that Cd inactivation of PTEN results in activation of Akt/mTOR

signaling and apoptosis of neuronal cells, implying that loss of PTEN function may promote

development of neurodegenerative disorders (Chen et al. 2011b). In this study, we noticed

that celastrol suppressed Cd-activated Akt/mTOR by preventing Cd from reducing PTEN

expression. Of interest, over-expression of wild-type PTEN was able to further enhance

celastrol blockage of Cd-induced activation of Akt/mTOR signaling and apoptosis of
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neuronal cells. Therefore, our findings strongly suggest that celastrol inhibits Cd-induced

activation of Akt/mTOR signaling pathway and apoptosis in neuronal cells, at least in part

by elevating the negative regulator PTEN.

A new question that arises from this work is how celastrol suppresses Cd-induced JNK

activation and PTEN reduction. It is well known that celastrol belongs to triterpene family.

Studies have shown the natural triterpenoids have a potentiality for attenuating Cd toxicity

(Sunitha et al. 2001; Renugadevi and Prabu 2010a,b). For example, quercetin protects

against oxidative stress-related renal dysfunction induced by Cd in rats (Renugadevi and

Prabu 2010b). Cd-induced hepatotoxicity in rats is ameliorated by lupeol (Sunitha et al.

2001) and naringenin (Renugadevi and Prabu 2010a). Further investigation has

demonstrated that the triterpenoids increase resistance to oxidative stress and act as agents

with antioxidative bioactivity (Dumont et al. 2009). In response to oxidative stress, JNK can

be activated (Choi et al. 2011; Yang et al. 2013), and PTEN can be down-regulated

(Flaherty et al. 2006; Chen et al. 2011b; Kim et al. 2013). In addition, superoxide can also

oxidize PTEN, leading to inactivation of PTEN (Lim and Clement 2007). Currently, we

have no idea whether Cd affects oxidation of PTEN. However, recent studies have reported

that celastrol’s oxidative stability is characterized by potently inhibiting NADPH oxidases

(NOXs) activity (Jaquet et al. 2011). Celastrol specifically bound to p47phox and disrupted

the binding of p22phox to the tandem SH3 domain of NOX organizer type 1 (NOXO1) and

p47phox, even inhibited superoxide production by NOX2 and NOX5 (Jaquet et al. 2011).

Our group has demonstrated that Cd induces the generation of reactive oxygen species by

up-regulating the expression of NOX2 and its regulatory proteins (p22phox, p67phox,

p40phox, p47phox, and Rac1) in PC12 and SH-SY5Y cells (Chen et al. 2011b). Therefore, we

deduce that celastrol is likely to act by mechanisms that counteract Cd-induced oxidative

stress, thereby not only preventing Cd-induced activation of JNK but also blocking Cd-

induced down-regulation of PTEN. Celastrol may be involved in modulating

macromolecular interactions and expression of genes associated with Cd-induced

neurotoxicity. Undoubtedly, more studies are needed to address these issues.

In this study, we showed that celastrol, at high concentrations (> 1.5 μM), reduced cell

viability in a concentration-dependent manner, which is consistent with a recent report

(Deng et al. 2013). Therefore, much more attention should be paid for use of celastrol and

its related preparations. Especially, detailed pharmacokinetic data of celastrol are in great

demand to achieve the best therapeutic effect and least toxicity of celastrol. The

pharmacokinetics of celastrol has been studied in rats for oral administration or intravenous

injection of celastrol (Zhang et al. 2012), and in human for oral administration of celastrol

tablets for more than 2 days (Xu et al. 2007). Celastrol’s bioavailability in brain has not

been reported, but the neuroprotective effects of celastrol on neurodegenerative diseases

(such as PD, AD, and ALS) imply that celastrol could cross the blood–brain barrier. These

data provide valuable reference for further studying the effect of celastrol on in vivo Cd

neurotoxicity.

In conclusion, we have identified that celastrol prevented Cd-induced neuronal apoptosis via

inhibiting activation of JNK and Akt/mTOR signaling pathways. Celastrol suppressed Cd-

activated Akt/mTOR signaling pathway by preventing Cd from reducing PTEN expression.
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Our results underscore a potential role for celastrol in the prevention of Cd-induced

neurodegenerative disorders.
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4E-BP1 eukaryotic initiation factor 4E binding protein 1

AD Alzheimer disease

Akt protein kinase B (PKB)

ALS amyotrophic lateral sclerosis

Cd cadmium

DAPI 4′, 6-diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle’s medium

Erk1/2 extracellular signal-regulated kinase 1/2

FBS fetal bovine serum

JNK c-Jun N-terminal kinase

LDH lactate dehydrogenase

MAPK mitogen-activated protein kinase

MEK mitogen extracellular kinase

mTOR mammalian target of rapamycin

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

PBS phosphate buffered saline

PDL poly-D-lysine

PD Parkinson’s disease

PI3K phosphoinositide 3′-kinase

PTEN phosphatase and tensin homolog deleted on chromosome 10

S6K1 S6 kinase 1
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Fig. 1.
Celastrol does not have cytotoxic effects on PC12 cells at low concentrations.

Pheochromocytoma (PC12) cells were treated with 0–10 μM celastrol for 24 h. (a) Cell

viability was evaluated using 3-(4,5-dimethylazol-2-yl)-2,5- diphenyltetrazolim bromide

(MTT) assay, and (b) lactate dehydrogenase (LDH) activities in culture medium were

determined by LDH release assay, showing that 0.1–1 μM celastrol had no cytotoxic effects

on PC12 cells in culture. Results are presented as mean ± SE, n = 5. *p < 0.05, **p < 0.01,

difference with control group.
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Fig. 2.
Celastrol attenuates cadmium (Cd)-reduced viability and altered morphology in neuronal

cells. Pheochromocytoma (PC12) cells were pre-treated with celastrol (0–1 μM) for 1 h, and

then exposed to Cd (10 and 20 μM) for 24 h. (a) Morphology of PC12 cells was visualized

under a Nikon Eclipse TE2000-U inverted phase-contrast microscope (200×) equipped with

a digital camera. Scale bar: 100 μm. (b) Cell viability was evaluated by 3-(4,5-

dimethylazol-2-yl)-2,5- diphenyltetrazolim bromide (MTT) assay. Results are presented as

mean ± SE, n = 5. 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.
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Fig. 3.
Celastrol prevents cadmium (Cd)-induced apoptosis of neuronal cells. Indicated cells were

pre-treated with celastrol (0–1 μM) for 1 h, and then exposed to Cd (10 and 20 μM) for 12 h

(for western blotting) or 24 h (for 4′, 6-diamidino-2-phenylindole (DAPI) staining). (a)

DAPI staining displayed nuclear fragmentation and condensation (arrows) in

pheochromocytoma (PC12) cells. Scale bar: 20 μm. (b) Celastrol markedly attenuated Cd-

increased percentage of cells with fragmented nuclei in PC12 cells in a concentration-

dependent manner. (c) Indicated cell lysates were subjected to western blot analysis using

antibodies to cleaved-caspase-3, and (d) blots for cleaved-caspase-3 were semi-quantified

using NIH image J. The blots were probed for β-tubulin as a loading control. Similar results

were observed in at least three independent experiments. Results are presented as mean ±

SE; n = 3–5. 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.
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Fig. 4.
Celastrol inhibits cadmium (Cd)-induced neuronal cell death by blocking c-Jun N-terminal

kinase (JNK) pathway. (a, c) Pheochromocytoma (PC12) cells and primary neurons were

pre-treated with celastrol (0–1 μM) for 1 h, and then exposed to Cd (10 and 20 μM) for 12 h,

followed by western blot analysis with antibodies against the indicated proteins. Celastrol

partially blocked Cd-induced phosphorylation of JNK/c-Jun (a, b), but not extracellular

signal-regulated kinase 1/2 (Erk1/2) and p38 (c, d). (e, g) PC12 cells were pre-treated with

or without celastrol (1 μM) and/or SP600125 (20 μM) for 1 h, and then exposed to Cd (10

μM) for 12 h (for western blotting) or 24 h [for 3-(4,5-dimethylazol-2-yl)-2,5-

diphenyltetrazolim bromide (MTT) assay]. Cells were harvested and total lysates were

subjected to western blot analysis using indicated antibodies (e), or cell viability was

evaluated by MTT assay (g). For (a), (c), and (e), similar results were observed in at least

three independent experiments, and blots for p-JNK, p-c-Jun, p-Erk1/2, p-p38, cleaved-

caspase-3 were semi-quantified (b, d, f). Results are presented as mean ± SE; n = 3–5. 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; dp < 0.05, difference with Cd/SP600125 group or Cd/

Celastrol group.
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Fig. 5.
Expression of dominant negative c-Jun strengthens celastrol inhibition of cadmium (Cd)-

induced neuronal cell death. Over-expression of FLAG-tagged dominant negative c-Jun by

infection of pheochromocytoma (PC12) cells with Ad-dn-c-Jun, as detected by western

blotting with antibodies to FLAG, obviously attenuated Cd-induced phosphorylation of c-

Jun and expression of cleaved-caspase-3 protein (a), and blots for cleaved-caspase-3 were

semi-quantified (b). Ectopic expression of dn-c-Jun also partially rescued cells from death

induced by Cd (c). Addition of celastrol exhibited more significant inhibition on Cd-induced

activation of c-Jun and cell death in Ad-dn-c-Jun group than in Ad-GFP group (a–c). Results

are presented as mean ± SE; n = 3–5. ap < 0.05, difference with control group; bp < 0.05,

Ad-dn-c-Jun group versus Ad-GFP group.
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Fig. 6.
Celastrol blocks Cd-induced neuronal cell death by preventing cadmium (Cd) from reducing

phosphatase and tensin homolog deleted on chromosome 10 (PTEN) expression and

activating Akt/mammalian target of rapamycin (mTOR) pathway. (a) Pheochromocytoma

(PC12) cells and primary neurons were pre-treated with celastrol (0–1 μM) for 1 h, and then

exposed to Cd (10 and 20 μM) for 12 h, following by western blot analysis with antibodies

against the indicated proteins. Celastrol inhibited Cd-induced phosphorylation of Akt, S6K,

and 4E-BP1, with a concomitant restoring of Cd-down-regulated PTEN dose-dependently.

(c, e, f) PC12 cells, infected with Ad-PTEN-wt or Ad-GFP (as control), were pre-treated

with celastrol (1 μM) for 1 h, and then exposed to Cd (10 μM) for 12 h (for western blotting)

or 24 h [for 3-(4,5-dimethylazol-2-yl)-2,5- diphenyltetrazolim bromide (MTT) assay or

morphological analysis], followed by (c) western blot analysis using the indicated

antibodies, (e) cell viability evaluation using MTT assay, or (f) morphological analysis using

a Nikon Eclipse TE2000-U inverted phase-contrast microscope (200×) equipped with a

digital camera. Scale bar: 100 μm. For (a) and (c), similar results were observed in at least

three independent experiments, and blots for PTEN, p-Akt, p-S6 kinase 1 (S6K1), p-4E-

BP1, cleaved-caspase-3 were semi-quantified (b, d). Results are presented as mean ± SE; n

= 3–5. 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; dp < 0.05, Ad-PTEN group versus Ad-

GFP group.
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