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Abstract Celastrol, a potent natural triterpene and one of

the most promising medicinal molecules, is known to

possess a broad range of biological activity. Rotenone, a

pesticide and complex I inhibitor, is commonly used to

produce experimental models of Parkinson’s disease both

in vivo and in vitro. The present study was designed to

examine the effects of celastrol on cell injury induced by

rotenone in the human dopaminergic cells and to elucidate

the possible mechanistic clues in its neuroprotective action.

We demonstrate that celastrol protects SH-SY5Y cells

from rotenone-induced cellular injury and apoptotic cell

death. Celastrol also prevented the increased generation of

reactive oxygen species and mitochondrial membrane

potential (DWm) loss induced by rotenone. Similarly, cel-

astrol treatment inhibited cytochrome c release, Bax/Bcl-2

ratio changes, and caspase-9/3 activation. Celastrol spe-

cifically inhibited rotenone-evoked p38 mitogen-activated

protein kinase activation in SH-SY5Y cells. These data

suggest that celastrol may serve as a potent agent for pre-

vention of neurotoxin-induced neurodegeneration through

multiple mechanisms and thus has therapeutic potential for

the treatment of neurodegenerative diseases.
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Introduction

Celastrol (Fig. 1a) is a quinone methide triterpenoid iso-

lated from root bark of Thunder of God Vine (Tripterygium

wilfordii Hook F.) of the Celastraceae family. This plant is

native to China, Japan and Korea, and has a long history of

use in traditional medicine for treating various illnesses [1,

2]. In recent years, celastrol has been emerging as a potent

candidate with medicinal prospects for treating inflamma-

tory diseases and cancer [3–5]. It possesses a broad range

of biological activity including antioxidant properties. The

antioxidant activity of celastrol has been reported to be

more potent than alpha-tocopherol [6]. Numerous studies

have demonstrated that celasterol can inhibit the inflam-

matory response in macrophages, microglia and endothelial

cells [7–9]. It has been identified as a potential neuropro-

tective candidate [10, 11]. In a rat model of Alzheimer’s

disease (AD), celastrol improved memory and learning in a

psychomotor-activity test [7] and reduced b-amyloid via an

NF-jB dependent mechanism [12]. Moreover, it was found
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to prevent MPTP-induced neurotoxicity in mouse [13],

induce heat shock proteins in differentiated human and

rodent neurons [14], and protect the dopaminergic neurons

in DJ-1A model of Drosophila [15]. All these findings

suggest that celastrol could play a therapeutic role in

neurodegenerative diseases.

Parkinson’s disease (PD) is the most prevalent neuro-

degenerative movement disorder. This devastating disease

affects 1–2 % of the population over the age of 60 [16] and

is expected to impose an increasing socioeconomic burden

on societies and a major challenge for biomedicine. PD is

characterized clinically by resting tremor, rigidity, brady-

kinesia, and postural instability and are due to progressive

loss of dopaminergic neurons in the substantia nigra and

depletion of the neurotransmitter dopamine in the striatum.

Although the molecular mechanism associated with the

selective degeneration of dopaminergic (DA) neurons are

not known completely, oxidative stress [17], and mito-

chondrial dysfunction [18, 19] have been reported to play a

fundamental roles. While the causes of sporadic PD

remains unknown, epidemiological studies suggest that

environmental factors, particularly pesticide exposure,

increase the risk of PD. Rotenone is a common pesticide

and naturally occurring plant compound derived from the

roots of certain species. Rotenone induces cell destruction

by inhibiting mitochondrial complex I and mimics the

symptoms of PD, both in vivo and in vitro [20–23]. The

rotenone model recapitulates most of the mechanisms that

are thought to be relevant in PD pathogenesis and is thus

suitable to test neuroprotective strategies [24, 25].

So far, there have been very few reports of effectiveness

of celastrol against rotenone-induced PD model. Recently,

it has been shown that celastrol protects SH-SY5Y cells

from rotenone induced injury through autophagy [26]. In

Fig. 1 Evaluation of cytotoxic effect of celastrol and rotenone by

MTT and LDH assays. a The chemical structure of celastrol. Effect of

celastrol (b) and rotenone (c) on SH-SY5Y cell viability by MTT

assay. Cells were treated with celastrol (1–10 nM) or rotenone

(1–100 lM) for 24 h. Cell viability was assessed by MTT reduction

assay. Effect of celastrol (d) and rotenone (e) on the leakage of LDH

in SH-SY5Y cells. Cells were treated with indicated concentrations of

celastrol or rotenone for 24 h and the LDH released in the medium

were measured by LDH assay. Values are expressed as percentage of

control (vehicle). The data are expressed as mean ± SD of three

experiments. *P \ 0.05 versus control group
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this study, we investigated the effects of celastrol on cell

apoptosis/injury in rotenone-treated human dopaminergic

cells, and attempted to elucidate the underlying mecha-

nisms by investigating the involvement of mitogen-acti-

vated protein kinases (MAPKs) signaling pathways.

Materials and Methods

Materials

Celastrol was purchased from Cayman Chemical (Ann

Arbor, MI, USA). Dulbecco’s Modified Eagle Medium

(DMEM), Fetal Bovine Serum (FBS), penicillin and

streptomycin were obtained from Gibco BRL (Gaithers-

burg MD, USA). SB203580, Nacety-L-cysteine (NAC),

2070-dichlorofluorescein diacetate (DCF-DA), dimethyl

sulfoxide (DMSO), 40,6-diamidino-2-phenylindole (DAPI),

Propidium iodide (PI) and Rhodamine 123 were obtained

from Sigma-Aldrich (St. Louis, MO, USA). caspase-3,

caspase-9, Bcl-2, Bax, cytochrome c, pJNK, JNK, pP38,

and p38 antibodies were obtained from SANTA CRUZ

(Santa Cruz, CA, USA). Anti-COX-IV antibody was

obtained from Abcam (Cambridge, UK). Anti-actin anti-

body was purchased from Biomeda Crop (Foster City, CA,

USA). WEST-ZOL plus was obtained from INTRON

Biotech (Seongnam, Korea). Bicinchoninic acid (BCA)

protein assay kit was obtained from Pierce (Rockford, IL,

USA). Protein inhibitor cocktail was obtained from Cal-

biochem (Darmstadt, Germany). Cytotoxicity Detection

Kit (LDH assay) was purchased from Roche Applied Sci-

ence (Rotkreuz, Switzerland). DeadEndTM Fluorometric

TUNEL System was purchased from Promega coporation

(Madison, WI, USA).

Cell Culture and Treatments

The human DA neuronal cell line, SH-SY5Y was obtained

from the American Type Culture Collection (Rockville,

MD). The cells were cultured in DMEM supplemented

with 10 % FBS, 100 units/ml penicillin, and 100 lg/ml

streptomycin, and kept at 37 �C in humidified 5 % CO2/

95 % air. Media were changed every 2 days. Rotenone and

celastrol were dissolved in dimethyl sulphoxide (DMSO) to

a final concentration of 0.01 %. To examine possible toxic

effects, SH-SY5Y cells were treated with celastrol in a

concentration ranging from 1 to 10 nM for 24 h. Similarly,

SH-SY5Y cells were treated with rotenone at concentra-

tions ranging from 1 to 100 lM for 24 h. Celastrol at

2.5 nM and 10 lM of rotenone was chosen to evaluate the

neuroprotective effects by examining cell viability. To

examine the protective effect of celastrol, cells were treated

with rotenone in the absence or presence of celastrol for

24 h. Cells were treated with DMSO as a vehicle control.

Celastrol was added 90 min prior to treatment with rote-

none. In addition, cells were also pre-treated with NAC

(1 mM) followed by exposure to rotenone in the absence or

presence of celastrol. Moreover, cells were pre-treated for

30 min with SB203580 (p38 inhibitor) and/or NAC then

treated with rotenone in the absence or presence of celas-

trol. For JNK and p38 MAPK Western blot analysis, reg-

ular culture medium was replaced with low-serum media

1 h before rotenone treatment to minimize background

kinase activity. In a single experiment each treatment was

performed in triplicate.

Analysis of Cell Viability

Cell viability was determined by the MTT (3-(4,5-dimeth-

ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.

SH-SY5Y cells were seeded in 96-well plates at a density of

1 9 104 cell/well and incubated for 24 h prior to experi-

mental treatments. The cells were then subjected to the

treatments of interest. After 24 h incubation, MTT (0.5 mg/

mL) was added to each wall. Following an additional 4 h

incubation at 37 �C, 100 lL of DMSO was added to dissolve

the formazan crystals. The absorbance was then measured at

570 nm using a VERSAmax micro plate reader (Molecular

Devices, CA, USA). Wells without cells were used as blanks

and were subtracted as background from each sample.

Results were expressed as a percentage of control.

Lactate Dehydrogenase (LDH) Release Assay

Cells dying by apoptosis or necrosis released LDH into the

supernatant. The amount of LDH in the supernatant was

measured with a cytotoxicity detection kit (Roche). Briefly,

SH-SY5Y cells (1 9 104 cell/well) were seeded in 96 well

plates and then subjected to the indicated treatments. For

analysis, 100 lL supernatant was extracted from each well

and was placed in separate wells of a new 96-well plate,

and 100 lL catalyst solutions was added to each well and

incubated at 37 �C for 30 min. Absorbance was measured

at 490 nm using a VERSAmax microplate reader (Molec-

ular Devices, Sunnyvale, CA, USA). Total cellular LDH

was determined by lysing the cells with 2 % Triton X-100

(high control); the assay medium served as a low control

and was subtracted from all absorbance measurements;

Cytotoxicity (%) = (exp.value - low control)/(high con-

trol - low control) 9 100.

Observations of Morphological Changes

SH-SY5Y Cells were seeded in 8-well chamber slide and

then treated with rotenone for 24 h after pre-treated with or

without celastrol for 90 min. The cells were washed twice
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with PBS and then fixed in 1 % paraformaldehyde for

15 min. After rinses with PBS, cellular morphology was

observed using a phase contrast microscope (Nikon,

Eclipse TE 2000-U, Japan) and photographed.

Nuclear Staining for Assessment of Apoptosis

Nuclear morphology was assessed by staining with 40,6-

diamidino-2-phenylindole (DAPI). SH-SY5Y cells

(1 9 103 cells/well) were seeded in 8-well chamber slide

and then treated with rotenone for 24 h after pre-treated

with or without celastrol for 90 min. The cells were washed

twice with PBS and then fixed in 1 % paraformaldehyde

for 15 min. After 2 rinses with PBS, the cells were stained

with DAPI (0.3 lM) for 10 min at 37 �C in dark. Slides

were washed twice with PBS and examined under fluo-

rescent microscope (Nikon, Eclipse TE 2000-U, Japan) and

photographed.

TUNEL Assay

TUNEL assay was performed using DeadEndTM Fluoro-

metric TUNEL System (Promega coporation, USA). SH-

SY5Y cells were cultured on 8-well chamber slide at a

density of 1 9 103 cells/chamber. After treatment with

rotenone and celastrol as indicated, cells were washed with

PBS and fixed by incubation in 4 % paraformaldehyde for

20 min at 4 �C. The fixed cells were then washed and

permeabilized with 0.2 % Triton X-100 in PBS for 5 min.

After rinses with PBS, the cells were incubated with ter-

minal deoxynucleotidyl transferase recombinant (rTdT)-

catalyzed reaction and nucleotide mixture for 60 min at

37 �C in dark and then immersed in stop/wash buffer for

15 min at room temperature. The cells were then washed

with PBS to remove unincorporated fluorescein-12-dUTP.

After washing, cells were incubated in 1 lg/mL propidium

iodide (PI) solution for 15 min in dark. The cells were

observed with fluorescent microscope (Nikon, Eclipse TE

2000-U, Japan) and photographed.

Measurement of Intracellular Reactive Oxygen Species

(ROS)

Production of ROS was measured using an oxidation sen-

sitive fluorescent probe 2070-dichlorofluorescein diacetate

(DCF-DA, Sigma-Aldrich, St. Louis, MO, USA) method,

based on the ROS-dependent oxidation of DCF-DA to the

highly fluorescent compound dichlorofluorescein (DCF).

The cells (1 9 104 cell/well) were cultured in 96 well

plates and then treated with 10 lM rotenone for 24 h after

pre-treated with or without celastrol for 90 min. Medium

was removed and cells were washed twice with PBS. After

washing, the cells were incubated with DCF-DA (5 lM)

for 30 min at 37 �C in the dark. Cellular fluorescence was

measured in a fluorescence microplate reader (Spectra Max

Gemini EM, Molecular Devices, Sunnyvale, CA, USA) at

excitation wavelength 488 nm and emission wavelength

525 nm. Meanwhile, SH-SY5Y cells were cultured in

24-well plates at a density of 1 9 105 cells per well. After

similar treatments, DCF-DA incubation, and washing the

cells were also monitored by fluorescence microscope

(Nikon, Eclipse TE 2000-U, Japan).

Measurement of Mitochondrial Membrane Potential

Mitochondrial membrane potential was determined using

the fluorescent dye Rhodamine 123. Briefly, the cells were

treated with rotenone for indicated periods after pre-treated

with or without celastrol for 90 min. Cells were washed

with PBS and incubated with 10 lg/mL Rhodamine 123

for 30 min at 37 �C. The cells were washed and monitored

by fluorescent microscope (Nikon, Eclipse TE 2000-U,

Japan) and photographed. Moreover, mitochondrial mem-

brane potential was estimated by measuring the uptake of

Rhodamine 123. Briefly, mitochondrial fraction was pre-

pared as described below. Thereafter, 20 lg of mitochon-

drial protein was incubated with solution containing

0.8 lM Rhodamine 123 and 75 mM sucrose in PBS for

30 min at 37 �C and then centrifuged at 10,0009g for

10 min. The resulting supernatant was analyzed for the

fluorescence intensity using a Spectra Max Gemini EM

fluorometer (Molecular Devices, Sunnyvale, CA, USA) at

490 nm excitation and 515 nm emission. The mitochon-

drial membrane potential was expressed as fluorescence/lg

protein.

Immunoblotting

After treatment, cells were washed once with PBS and then

lysed using ice-cold RIPA buffer with protease inhibitor

cocktail. Cell lysates were centrifuged at 12,8709g for

25 min, and the protein concentrations were determined by

the bicinchoninic acid (BCA) method using bovine serum

albumin (BSA) as standard. The proteins were separated by

10 % SDS-PAGE and transferred to polyvinylidine

difluoride (PVDF) membrane. The membranes were

blocked with 5 % (v/v) nonfat dry milk in Tris-buffered

saline with Tween 20 (TBS-T) (10 mM Tris–HCl, 150 mM

NaCl, and 0.1 % Tween 20, pH 7.5) and incubated with

primary antibodies against Bax, active caspase 3, JNK,

pJNK, P38, and pP38, COX-IV (1:1,000 dilution), active

caspase 9, Bcl-2 (1:2,000 dilution), or Actin (1:4,000

dilution) for overnight at 4 �C. The membrane was washed

in TBS-T and incubated for 2 h at room temperature with

horseradish peroxidase (HRP)-conjugated secondary anti-

body. To reveal the reaction bands, the membrane was
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reacted with WEST-ZOL (plus) Western blot detection

system (Intron Biotechnology, Inc., Korea) and exposed on

X-ray film (BioMax MS-1, Eastman Kodak, USA).

Analysis of Cytochrome c in Cytosol and Mitochondria

SH-SY5Y cells were treated with or without rotenone and/or

celastrol for indicated periods and harvested with a cell

scraper. The collected cells were washed twice in ice-cold

PBS and then resuspended in lysis buffer (250 mM sucrose,

50 mM Tris–HCl, 1 mM EGTA, 2.5 mM EDTA, 50 lM

Na3VO4, 1 mM DTT, 0.1 mM PMSF, 40 lg/ml aprotinine,

20 lg/ml leupeptine; pH 7.4). After 30 min incubation on

ice, cells were homogenized. The homogenates were then

centrifuged at 1,1009g for 5 min. The supernatants were

transferred to tubes and centrifuged at 12,0009g for 12 min

to obtain mitochondrial pellets. The resulting supernatant

was then centrifuged at 100,0009g for 60 min to obtain

cytosolic fraction. Mitochondrial and cytosolic protein

concentrations were determined by BCA assay and subjected

to Western blot analysis as mentioned above using cyto-

chrome c primary antibody (1:2,000 dilutions).

Statistical Analysis

The data were expressed as the mean ± SD. Statistical

significance was assessed with one-way analysis of vari-

ance followed by a post hoc (Bonferroni) test for multiple

group comparison. Differences with P value \ 0.05 were

considered statistically significant.

Results

Celastrol Protects Against Rotenone-Induced

Cytotoxicity

We first evaluated the cytotoxic response of SH-SY5Y

cells to celastrol. As shown in Fig. 1b, 1–10 nM celastrol

treatment for 24 h did not significantly affect the cell

viability of SH-SY5Y cells. Next, we examined the toxic

effect of rotenone. As shown in Fig. 1c, rotenone induced a

dose dependent cytotoxicity in SH-SY5Y cells. In the

presence of 10 lM rotenone, there are only 51.7 % of

viable cells as compared to control cells. Similar cytotoxic

effects were also observed with the LDH leakage assay. As

shown in Fig. 1d, celastrol treatment did not cause signif-

icant changes in LDH levels in the culture medium.

However, exposure of SH-SY5Y cells to rotenone

increased LDH level in the culture medium in a dose-

dependent manner (Fig. 1e). Consequently, the treatment

of 2.5 nM of celastrol and 10 lM of rotenone for 24 h was

chosen in the subsequent experiments.

To determine the protective effects of celastrol against

rotenone-induced loss of cell viability, SH-SY5Y cells

were pre-treated with 2.5 nM celastrol for 90 min, fol-

lowed by 10 lM rotenone for 24 h. As illustrated in

Fig. 2A, rotenone substantially decreased cell viability to

51.7 %, while celastrol prevented cells from rotenone-

induced injury, restoring cell survival to 85.4 %. To further

investigate the protective effect of celastrol, the release of

LDH was measured. As shown in Fig. 2b, release of LDH

was increased to 91.2 % after exposure to 10 lM rotenone.

However, celastrol pre-treated cells showed decreased

release of LDH (67.41 %) compared with rotenone-

exposed cell group, indicating that celastrol rescued the

viability of cells against the neurotoxicity induced by

rotenone. The protective effect of celastrol was further

confirmed by microscopic evaluation of the cells. Micro-

scopic analysis indicated that celastrol profoundly inhibited

rotenone-induced round shape phenotype and monolayer

detachment, typical features of apoptosis occurrences

(Fig. 2c). These data suggest that celastrol may protect SH-

SY5Y cells against rotenone induced cell cytotoxicity.

Celastrol Suppresses Rotenone Induced Oxidative

Stress

There is considerable evidence that ROS are involved in

the pathogenesis of various neurodegenerative disorders

including PD. Rotenone has long been known to produce

ROS by inhibiting mitochondrial electron transfer chain at

the level of complex I. We therefore investigated whether

celastrol could attenuate rotenone-induced intracellular

ROS production in SH-SY5Y cells using fluorescent dye

DCF-DA. As shown in Fig. 3, exposure of SH-SY5Y cells

to rotenone (10 lM, for 24 h) caused a significant increase

in intracellular ROS levels. However, pretreatment with

celastrol (2.5 nM) markedly attenuated rotenone induced

ROS production.

Celastrol Prevents Rotenone-Induced Mitochondrial

Dysfunction

As the major source of intracellular ROS production and

target of rotenone, mitochondria play the crucial role in

apoptosis. We first evaluated mitochondrial membrane

potential (DWm), one of the important events related to

apoptosis. To investigate this event, SH-SY5Y cells were

incubated with 10 lM rotenone for 24, and then the

dynamics of the rotenone induced loss of DWm was

monitored by Rodamine-123 using confocal microscope.

The loss of DWm was visualized as indicated by the

reduction of Rodamine-123 fluorescence intensity

(Fig. 4a). Conversely, incubation with 2.5 nM celastrol

significantly protected mitochondria from DWm loss
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induced by rotenone (Fig. 4a (d)). Mitochondrial mem-

brane potential was also assessed by measuring the uptake

of Rhodamine-123 after incubating mitochondrial fraction

with rotenone in the presence or absence of celastrol using

spectrofluorometer. The amount of dye remaining in the

supernatant was inversely proportional to the membrane

potential. As shown in Fig. 4b, there was a significant

increase in Rodamine-123 fluorescence due to a lack of

uptake by the mitochondrial fraction incubated with rote-

none, suggesting the loss in mitochondrial membrane

potential. However, celastrol inhibited the increase in

Rhodamine-123 fluorescence caused by rotenone. Next, we

examined mitochondrial and cytosolic levels of cyto-

chrome c by Western blot. Treatment with rotenone

induced the release of cytochrome c into the cytosol and a

decline in the mitochondrial cytochrome c content. Celas-

trol, which itself had no significant effect, blocked this

displacement (Fig. 4c). These results suggest that celastrol

may provide antiapoptotic effects by preserving the mito-

chondrial function.

Celastrol Attenuates Rotenone-Induced Apoptosis

The effects of celastrol on rotenone-induced apoptosis in

SH-SY5Y cells were examined by staining cells with the

DNA dye DAPI to visualize nuclear morphology or with PI

staining and TUNEL assay. Representative photomicro-

graphs are shown in Fig. 5. Nuclear staining with DAPI

demonstrated that control SH-SY5Y cells had normal

regular and oval shaped nuclei (Fig. 5a). The nuclear

morphology of cells exposed to celastrol alone was intact

and similar to that of untreated control cells (Fig. 5b). In

contrast, treatment with rotenone induced condensed and

fragmented nuclei, hallmarks of morphological changes

associated with apoptosis (Fig. 5c). SH-SY5Y cells with

fragmented or condensed nuclei were also positively

labeled with PI and TUNEL after rotenone treatment

(Fig. 5g, j). Pretreatment of celastrol significantly inhibited

the rotenone-induced apoptosis (Fig. 5d, h, l). These results

indicate that celastrol has an anti-apoptotic effect in SH-

SY5Y cells.

Fig. 2 Celastrol protects SH-SY5Y cells against rotenone-induced

cytotoxicity. a Cells were exposed for 90 min with 2.5 nM celastrol

and then treated with 10 lM rotenone. After 24 h viable cells were

identified by the MTT assay (a) and LDH assay (b). SH-SY5Y cells

were treated with 2.5 nM celastrol for 90 min followed by rotenone

(10 lM) treatment for 24 h, and then morphology visualized directly

by phase-contrast microscopy (c). The data are represented as

mean ± SD of three independent experiments. *P \ 0.05 versus

vehicle (control) group. **P \ 0.05, compared to rotenone-treated

group
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Celastrol Alters Rotenone-Induced Changes of Bcl-2

and Bax Levels in SH-SY5Y Cells

Antiapoptotic protein Bcl-2 maintains the integrity of the

mitochondrial membranes to prevent cytochrome c release,

whereas proapoptotic Bax disturb the integrity of these

membranes and triggers cytochrome c release. The

expression ratio of Bcl-2 to Bax is useful index to evaluate

whether a cell has undergone apoptosis. Therefore, we

examined whether celastrol affects the expression of

proapoptotic and antiapoptotic proteins in SH-SY5Y cells.

As shown in Fig. 6a, rotenone treatment increased the

expression levels of proapoptotic Bax, whereas it decreased

expression levels of antiapoptotic Bcl-2. This resulted in a

high Bax to Bcl-2 ratio. However, pretreatment with cel-

astrol prevented the increase of the ratio of Bax to Bcl-2 in

the rotenone treated cells.

Celastrol Counteracts Rotenone Induced Caspase-3,

and Caspase-9 Activation

Indeed, caspase-3 and caspase-9 have been recognized to

play a critical role in apoptosis, we examined whether

celastrol affects their expression in rotenone-treated cells

by Western blot analysis. As shown in Fig. 6b, treatment

with rotenone increased the expression of caspase-3 and

caspase-9 by 2.3-fold, and 3.13-fold respectively compared

with that of the control group. In contrast, celastrol sig-

nificantly inhibited caspase-3 and caspase-9 cleavage

induced by rotenone.

Celastrol Suppresses Rotenone-Induced p38 MAPK

Phosphorylation

Because rotenone stimulates the activities of JNK and p38

MAPK in human dopaminergic cells [27], we investigated

the effects of celastrol on the activation of JNK, and p38

MAPK in SH-SY5Y cells treated with rotenone. As shown

in Fig. 7a, b, rotenone activated both JNK and p38 MAPK.

Pretreatment with celastrol markedly reduced the rotenone

induced p38 MAPK activation. However, phosphorylation

of JNK was not affected by celastrol treatment.

We further investigated whether ROS was involved in

the activation of p38 MAPK in response to rotenone. We

found that rotenone-induced p38 activation was inhibited

by pre-treatment with an antioxidant NAC and this effect

was more pronounced when the cells were co-treated with

celastrol and NAC (Fig. 7c). This finding suggests that

rotenone-induced p38 activation could be associated with

ROS generation. To examine the role p38 MAPK in rote-

none induced cell death, we evaluated the effect of p38

inhibitor SB203580 on the viability of SH-SY5Y cells

exposed to rotenone. As shown in Fig. 7d, cells pretreated

with SB203580 considerably attenuated rotenone induced

Fig. 3 Celastrol reduces rotenone-induced ROS formation. SH-

SY5Y cells were treated with 2.5 nM celastrol for 90 min then

treated with vehicle or rotenone (10 lM) for 24 h. Intracellular ROS

accumulation was measured using the fluorescence probe DCF-DA.

a SH-SY5Y cells were incubated with DCF-DA and accumulation of

intracellular ROS was monitored by fluorescent microscope (Nikon,

Eclipse TE 2000-U, Japan). b The fluorescence intensity was

determined using a Spectra Max Gemini EM fluorometer (Molecular

Devices, Sunnyvale, CA, USA) at 485 nm excitation and 535 nm

emission. Arrowhead indicates DCF-positive cells. Values are

presented as mean ± SD of three experiments. *P \ 0.05 versus

vehicle (control) group. **P \ 0.05, compared to rotenone treated

group
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cell loss. In addition, pretreatment with SB203580

enhanced the cytoprotective effects of celastrol on rote-

none-induced cell death. The protective effect of celastrol

against rotenone was also found to be similar with NAC.

These data indicated that ROS production was involved in

p38 MAPK activation and p38 plays important role in

rotenone-induced cell death.

Discussion

PD is the prototypical movement disorder described almost

200 years ago, but despite decades of intensive study, the

etiology of this disease remains poorly understood. How-

ever, our knowledge of the pathogenesis of PD has

advanced considerably in recent years. Many studies have

shown that mitochondrial dysfunction, oxidative stress, and

cellular death are common factors in many neurodegener-

ative diseases including PD [28]. Among these factors,

oxidative stress acts as a unifying factor in the pathogenesis

of PD [29]. In fact, a common denominator in the patho-

genesis of PD by rotenone is the involvement of oxidative

stress mediated apoptotic processes [23, 30] and interven-

tion in rotenone induced oxidative stress has been sug-

gested to be critical for survival of DA neurons [31, 32].

Therefore, inhibition of oxidative damage may offer

Fig. 4 Celastrol prevents rotenone-induced mitochondrial membrane

potential loss and cytochrome c release in SH-SY5Y cells. Cells were

treated with celastrol (2.5 nM) for 90 min followed by 10 lM

rotenone for 24 h. a Treated cells were incubated with Rhodamine

123 and the mitochondrial membrane potential was observed by

fluorescent microscope (Nikon, Eclipse TE 2000-U, Japan). b Assess-

ment of mitochondrial membrane potential by Rhodamine uptake

assay. Mitochondrial fractions from cells treated with rotenone in the

presence and absence of celastrol were incubated with Rhodamine

123. Following centrifugation, the supernatant was analyzed for

Rhodamine-123 using using a Spectra Max Gemini EM fluorometer

(Molecular Devices, Sunnyvale, CA, USA) at 490 nm excitation and

515 nm emission. Higher the fluorescence lower is the mitochondrial

membrane potential, expressed as Rhodamine-123 fluorescence/lg

protein. When membrane potential decreased by rotenone, Rhoda-

mine-123 was released, resulting in an increase in Rhodamine-123

fluorescence. This effect was prevented when rotenone-treated cells

were incubated with celastrol. c immunoblot of cytochrome c on

mitochondria and cytosol fraction. Mitochondrial and cytosolic

fractions were subjected to immunoblot with anti-cytochrome c anti-

body. Intensity of each band was estimated by densitometric analysis.

Results are expressed as mean ± SD of three independent experi-

ments. *P \ 0.05 versus vehicle (control) group. **P \ 0.05, com-

pared to rotenone-treated group
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potential therapeutic benefit for oxidative stress related

neurodegenerative diseases. In the present study, we pro-

vide evidence that celastrol, which can easily penetrate

biological membranes [12], is able to protect dopaminergic

neurons against rotenone-induced injury via regulation of

p38 MAPK pathway.

Mitochondria, the ‘‘powerhouse of the cell’’ are highly

dynamic organelles which play an important role in regu-

lating the life and death of neuronal cells. Defects in

mitochondrial function have been implicated in dopami-

nergic cell degeneration in PD [33]. In PD, the major

mitochondrial defect is associated with complex I activity

[34]. Rotenone acts as a mitochondrial complex I inhibitor.

Inhibition of mitochondrial respiratory chain complex I has

several damaging consequences. One of the expected

consequences of complex I inhibition is an increased pro-

duction of ROS. Increased ROS can damage virtually all

biological macromolecules [35]. Oxidative damage is

thought to be a key mechanism of mitochondrial toxicity in

the rotenone-induced dopaminergic neuronal cell death

[36]. Consistent with previous findings [26], we observed

that celastrol significantly attenuated the ROS production

in SH-SY5Y cells caused by rotenone, indicating its potent

ability to scavenge free radicals and protect the dop-

aminegic cells against rotenone-induced injury.

Because mitochondria are primary target of rotenone

and site where ROS is produced, they are likely to play a

central role in neuronal cell death. The inhibition of com-

plex I by rotenone is accompanied with excess ROS for-

mation, which may induce loss of DWm and release of

cytochrome c. Similar to the findings by Deng et al. [26],

we found that celastrol prevented rotenone induced DWm

loss and cytosolic accumulation of cytochrome c, sug-

gesting that neuroprotective effects of celastrol are medi-

ated in part by the preservation of mitochondrial function.

Mitochondrial membrane permeabilization is considered as

the point-of-no-return in the apoptotic pathway [35]. Per-

meabilization of mitochondrial membrane is regulated by

proteins of the Bcl-2 family [37]. The anti-apoptotic factor

Bcl-2, residing in the outer mitochondrial membrane,

inhibits cytochrome c release [38]. The pro-apoptotic factor

Bax resides in the cytosol and translocates from cytoplasm

Fig. 5 Celastrol suppresses rotenone-induced cell injury. SH-SY5Y

cells were pre-treated with 2.5 nM celastrol for 90 min then treated

with vehicle or rotenone (10 lM) for 24 h. Cell apoptosis was

detected by DAPI (a–d), PI (e–h), and TUNEL (i–l) staining.

Arrowheads indicate apoptotic cells. Each image is representative of

three experiments. Pictures were taken using a fluorescent microscope

(Nikon, Eclipse TE 2000-U, Japan) and photographed at 9100

magnification
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to the mitochondria following apoptotic signaling, where it

promotes the permeabilization of the mitochondrial mem-

brane. Increased mitochondrial permeability results in the

release of cytochrome c from the mitochondria [39].

Released cytochrome c triggers activation of caspase-9

which in turn activates caspase-3, and activated caspase-3

induces cell death. In this study, we found that Bax/Bcl-2

protein ratio is increased following a treatment with rote-

none, but it decreases with the administration of celastrol

prior to rotenone. Moreover, we found that celastrol

attenuated the effects of rotenone on activation of caspase-

9, and caspase-3. These results suggest that celastrol pro-

tects the dopaminergic cells, at least in part, through

inhibition of mitochondrial-dependent apoptotic pathway.

We further investigated the involvement of MAPKs

signaling pathways underlying the protective effects of

celastrol on rotenone-induced cell injury. We found that

celastrol inhibited rotenone-induced activation of p38

MAPK in SH-SY5Y cells. JNK and p38 MAPK are potent

effectors of neuronal apoptosis [40]. Persistent activation

of these two kinases has been suggested to mediate neu-

ronal death in PD [41]. Although, studies have shown that

JNK is also involved in neuronal cell death, celastrol did

not reduce its phosphorylation in rotenone induced

activation. It has been shown that p38 MAPK mediate pro-

apoptotic protein Bax induced mitochondrial membrane

permeabilization [42] and the death signal mediated by this

kinase is initiated at least by ROS [43]. To confirm the

involvement of ROS in activation of p38 MAPK, we

evaluated the effects of NAC, a potent ROS scavenger and

celastrol on rotenone induced p38 MAPK activation. We

observed that incubation of cells with NAC and celastrol

prevented the rotenone-induced activation of p38 MAPK.

We further examined the role of p38 MAPK in rotenone

induced cell death using p38 inhibitor SB203580 by MTT

assay. We found that blockage of p38 MAPK with

SB203580 attenuated the rotenone induced cell death and

the protective effect was found to be more pronounced

when the cells were incubated with SB203580 and celas-

trol. These results suggested a relationship between the

production of ROS by rotenone and initiation of p38

MAPK activation. Moreover, studies have shown that the

p38 MAPK pathways play an important role in regulation

of autophagy. Recently, it has been suggested that auto-

phagic pathway is involved in celastrol neuroprotection

[26]. These findings indicate that the protective effect of

celastrol on rotenone induced cell injury was regulated via

p38 MAPK dependent pathway.

Fig. 6 Celastrol alters rotenone induced changes in the expression

levels of apoptotic proteins in SH-SY5Y cells. Cells were treated with

2.5 nM celastrol for 90 min then treated with vehicle or rotenone

(10 lM) for 24 h. Expression of Bcl-2, and Bax (a) and caspase-9,

and caspase-3 (b) were assessed by immunoblots and intensity of each

band was estimated by densitometric analysis. Actin was used as an

internal loading control. Results are expressed as mean ± SD of three

independent experiments. *P \ 0.05 versus vehicle (control) group.

**P \ 0.05, compared to rotenone treated group
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In vivo studies have shown that administration of cel-

astrol in low nanomolar doses provided excellent neuro-

protection in a Drosophila model of PD [15]. Celastrol at

nanomolar doses (7 lg/kgxd), improved learning and

memory in a mouse AD model, and higher doses (3 mg/

kgxd) of celastrol have been used in the MPTP mice model

of PD without any observable side effects [8, 13, 44].

In vitro studies have been shown that celastrol induced heat

shock protein 70 (Hsp70) via activation of heat shock

transcription factor 1 in undifferentiated neuroblastoma

cells at 3 lM [45], a dosage that Chow and Brown [14]

found to be detrimental to viability of SH-SY5Y cells. It

has been reported that the minimal doses of celastrol that

could induce the various Hsps in both differentiated and

undifferentiated SH-SY5Y cells were 0.25 and 0.5 lM

respectively with the threshold of 1 lM in undifferentiated

state and 0.75 lM in differentiated state at which SH-

SY5Y cell viability was found to affect [14]. In fact, cel-

astrol at lower doses might be effective in neuroprotection

against toxic insults on either in vivo or in vitro. Recently,

Deng et al. [26] have been reported that celastrol at 0.5 lM

enhanced cell viability by 28.99 %, and decreased cell

apoptosis by 54.38 %, in rotenone treated SH-SY5Y cells.

In this study, we found that celastrol at 2.5 nM protected

SH-SY5Y cells against rotenone-induced injury. Although

the protection was modest at 2.5 nM, based on the above

studies, it could be possible that celastrol at higher con-

centration (0.25–0.75 lM in differentiated state; 0.5–1 lM

in undifferentiated state) could provide better protection in

rotenone treated SH-SY5Y cells.

In conclusion, the present observations identify a

potential neuroprotective role of celastrol against neuro-

toxicity induced by rotenone. The protective effect of

celastrol appears to be associated with its capacity to

Fig. 7 Effects of celastrol on rotenone-induced JNK and p38 MAPK

activation as well as the effect of pharmacological interventions on

p38 MAPK activity and on cell viability of SH-SY5Y cells exposed to

rotenone. a Celastrol did not suppress rotenone-induced JNK

activation. b Celastrol attenuated rotenone-induced p38 MAPK

phosphorylation. Cells were pre-treated with 2.5 nM celastrol for

90 min followed by 10 lM rotenone. Cell extracts were prepared and

analyzed by immunoblotting using antibodies against phospho-and

total-form of JNK and p38 MAPK and intensity of each band was

estimated by densitometric analysis. c NAC and celastrol attenuated

rotenone-induced p38 MAPK phosphorylation. Cells were pre-treated

with NAC (1 mM) before exposure to rotenone in the presence or

absence of celastrol. Cell lysates were subjected to immunoblot using

antibodies against phospho-and total-form p38 MAPK and intensity

of each band was estimated by densitometric analysis. d p38 MAPK

mediated rotenone-induced cell death in SH-SY5Y cells. Cells were

pre-treated with p38 inhibitor SB203580 or NAC and subsequently

treated with rotenone in the absence or presence of celastrol and the

cell viabilities were assessed by MTT assay. Results are expressed as

mean ± SD of three independent experiments. *P \ 0.05 versus

vehicle (control) group. **P \ 0.05, compared to rotenone treated

group
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suppress oxidative stress, inhibit apoptotic features and

maintain the DWm stability through the inhibition of p38

MAPK activation. Although, more study is needed to fur-

ther explore the neuroprotective actions of celastrol, our

results indicate that celastrol may have potential thera-

peutic value in the treatment of neurodegenerative diseases

including PD.
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