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Induction of heat shock proteins in
differentiated human and rodent
neurons by celastrol
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Abstract Neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral
sclerosis have been termed protein misfolding disorders that are characterized by the neuronal accumulation of protein
aggregates. Manipulation of the cellular stress-response involving induction of heat shock proteins (Hsps) in differen-
tiated neurons offers a therapeutic strategy to counter conformational changes in neuronal proteins that trigger path-
ogenic cascades resulting in neurodegenerative diseases. Hsps are protein repair agents that provide a line of defense
against misfolded, aggregation-prone proteins. These proteins are not induced in differentiated neurons by conventional
heat shock. We have found that celastrol, a quinine methide triterpene, induced expression of a wider set of Hsps,
including Hsp70B�, in differentiated human neurons grown in tissue culture compared to cultured rodent neuronal cells.
Hence the beneficial effect of celastrol against human neurodegenerative diseases may exceed its potential in rodent
models of these diseases.

INTRODUCTION

With the prevalence of neurodegenerative diseases on the
rise as average life expectancy increases, the hunt for ef-
fective treatments and preventive measures for these dis-
orders is a pressing challenge. Neurodegenerative disor-
ders that differ widely in symptoms and patterns of neu-
ron loss have been reported to involve aggregation-prone,
misfolded proteins (Selkoe 2003; Forman et al 2004; Mu-
chowski and Wacker 2005). Despite differences in pri-
mary amino acid sequence, signature disease proteins in
a variety of these neural disorders share structural simi-
larity in their resultant �-sheet–rich aggregates (Dobson
2001). It is unclear if these protein aggregates are causa-
tive agents of neuronal cell death or, on the contrary, act
as a sequestering mechanism for the removal of toxic mis-
folded intermediates and soluble oligomers (Kayed et al
2003; Agorogiannis et al 2004; Ross and Poirier 2004).
Nevertheless, confronted with a list of diverse neurode-
generative disorders, potential convergence of pathogen-
esis to the commonality of protein misfolding and aggre-
gation suggests a shared target for treatment based on
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the function of heat shock proteins (Hsps) as protein re-
pair agents that provide a line of defense against mis-
folded, aggregation-prone proteins (Muchowski and
Wacker 2005).

Hsps have well-characterized roles in facilitating pro-
tein folding in de novo protein synthesis and during re-
folding of partially denatured proteins that arise after cel-
lular stress (Morimoto et al 1997; Hartl and Hayer-Hartl
2002). They are a group of highly conserved and ubiq-
uitous molecular chaperones conventionally subdivided
into the following major families: Hsp110, Hsp90, Hsp70,
Hsp60, Hsp40, and small Hsps. Their ability to recognize
and bind to denatured or partially unfolded proteins al-
lows Hsps to counter denaturation, misfolding, and ir-
reversible aggregation of proteins. Family members have
been implicated in the solubilization of aggregated pro-
teins (Stege et al 1995). Because alteration of aggregation
kinetics can affect the progression of the neurodegener-
ative disease (Wolozin and Behl 2000), upregulation of
Hsps could alleviate neurodegeneration by modulating
protein misfolding in affected neurons. This concept has
led to a quest for pharmacological agents that can induce
Hsps in neuronal cells as a therapeutic approach for com-
bating neurodegeneration. Animal models of neurode-
generative diseases have demonstrated the beneficial ef-
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fects of Hsp70 overexpression (Muchowski and Wacker
2005). Upregulation of a set of Hsps, rather than a single
Hsp, will likely yield added benefits (Jana et al 2000; Patel
et al 2005).

Celastrol has been identified as a potential neuropro-
tective candidate in a collaborative drug screen aimed at
identifying therapeutic agents against neurodegenerative
diseases from a panel of 1040 existing drugs, of which
75% are US Food and Drug Authority (FDA) approved
(Abbott 2002; Heemskerk et al 2002). Using tissue cul-
ture–based assays, candidate drugs were scored on their
ability to suppress aspects associated with neurodegen-
erative diseases such as protein aggregation. Celastrol, a
quinine methide triterpene, is extracted from the vine
Tripterygium wilfordii of the Celastraceae family (Zhou
1991). It has been used in traditional Chinese medicine
for the treatment of various illnesses such as inflamma-
tion (Pinna et al 2004) and rheumatoid arthritis (Tao et
al 2002). Celastrol has been reported to show antifertility
effects on sperm (Yuan et al 1995; Bai et al 2003). Extracts
from the plant also have been reported to exhibit im-
munosuppressive effects (Huang et al 1998).

To determine if celastrol induces Hsps when applied
to neuronal cells, we employed two cell lines of different
species origin, namely human (SH-SY5Y) and rodent
(NG108-15) cells. The rationale for including these 2 neu-
ronal cell lines was to explore species-specific differences
in Hsp neuronal induction patterns that may influence
the translation of observations on animal-based models
of neurodegenerative diseases to the actual human con-
dition. Celastrol treatment was carried out on the afore-
mentioned cell lines under both undifferentiated and dif-
ferentiated neuronal conditions. The differentiation status
of neurons is of particular importance because differen-
tiated neurons in both in vivo and in vitro systems have
been reported to be refractory to Hsp induction following
conventional heat shock (Manzerra et al 1993; Foster et al
1995; Dwyer et al 1996; Hatayama et al 1997; Batulan et
al 2003). Our results indicate that celastrol induces ex-
pression of a wider set of potentially neuroprotective
Hsps in differentiated human neurons compared to dif-
ferentiated rodent neurons.

MATERIALS AND METHODS

Cell culture and induction of neuronal differentiation

The human SH-SY5Y cell line (American Type Culture
Collection, Manassas, VA, USA) was maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). The rodent NG108-
15 cell line (American Type Culture Collection) was
maintained in DMEM without sodium pyruvate supple-
mented with 10% FBS and sodium hypoxanthine, ami-

nopterin and thymidine (HAT). Cultures were main-
tained at 37�C in a humidified 5% CO2 atmosphere. After
plating and allowing for cell adhesion for 24 hours, neu-
ronal differentiation of NG108-15 cells was induced by
treatment with 1 mM N6,2�-O-dibutyryladenosine 3�,5�-
cyclic monophosphate (a cell-permeable cyclic adenosine
monophosphate (cAMP) analog) for 72 hours at 37�C at
reduced FBS (5%) before proceeding with dimethyl sulf-
oxide (DMSO) or celastrol treatment. Neuronal differen-
tiation of SH-SY5Y cells was induced by treatment with
10 �M of all-trans-retinoic acid incubating at 37�C for 72
hours under serum free conditions. Celastrol was ob-
tained from Gaia Chemical Corporation (Gaylordsville,
CT, USA) and dissolved in DMSO as the vehicle.

Cell viability assays

Viability of undifferentiated NG108-15 and SH-SY5Y cells
were examined by propidium iodide ([PI], Sigma, St Lou-
is, MO, USA) exclusion methodology. PI was used as a
viability dye (10 �g/ml), and 300 nM 4�,6-diamidino-2-
phenylindole (DAPI) (Invitrogen, Carlsbad CA, USA) as
a counter stain for nuclei. Healthy cells that retain mem-
brane integrity are stained blue by DAPI while being able
to exclude PI. Dead cells (late apoptotic or necrotic) are
PI positive due to loss of membrane integrity. Although
being PI negative, early apoptotic cells also were scored
by apoptotic nuclear morphology as stained by DAPI. A
cell was scored as apoptotic if it displayed one or more
of the following: nuclear margination, chromatin conden-
sation, or formation of apoptotic bodies. Viability of dif-
ferentiated NG108-15 and SH-SY5Y cells were examined
by phase contrast microscopy. Healthy cells showed in-
tact cell bodies with extended neurite processes. Dying
cells showed extensive rounding of the cell body, with
retraction and degeneration of neurites. Because differ-
entiated cells rely on adhesion to the cultured surface for
maintaining their differentiated morphology, we devel-
oped a cell death morphology assay that allows quanti-
tative measurement of cellular viability of differentiated
neuronal cells. Quantitative assay of the viability of dif-
ferentiated NG108-15 and SH-SY5Y cells were performed
by DAPI/PI costaining method on fixed cells. Cells were
plated on coverslips and differentiation was induced as
described above. Differentiated cells were fixed with 4%
paraformaldehyde after 24 hours of treatment with celas-
trol followed by permeabilization with 0.1% Triton X-100.
DAPI staining (300 nM) of the nucleus allowed for the
observation of apoptotic nuclear morphology, whereas PI
staining (10 �g/ml) and/or differential interference con-
trast (DIC) microscopy permitted the visualization of de-
generating neurite morphology. Examples of viable and
nonviable differentiated NG108-15 and SH-SY5Y cells are
shown in Figure 3B. For each celastrol concentration
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Fig 1. Induction of heat shock pro-
teins (Hsps) in undifferentiated and dif-
ferentiated human and rodent neurons
by celastrol. Immunoblotting demon-
strated a robust induction of Hsp27,
Hsp32, and Hsp70 in undifferentiated
(Undiff) human (SH-SY5Y) and rodent
(NG108-15) neurons. Following neuro-
nal differentiation (Diff), induction of
Hsp27 and Hsp70 was reduced with
less effect on Hsp32. Celastrol also
triggered the induction of Hsp70B�,
however, this was observed only in
neurons of human origin. The constant
level of the �-tubulin signal served as
a control for equal loading of protein in
each lane. The smear above the con-
stitutively expressed Hsc70 band in the
rodent blot represents a minor nonspe-
cific band.

point, 200 cells were counted in triplicate, and the data
were expressed as the mean � standard error (SE) of 3
independent experiments.

Western blotting analysis

After 24 hours of treatment with celastrol, cells were har-
vested and samples containing 30 �g of protein per lane
were separated by 12% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to nitrocellulose membranes. Primary and second-
ary antibodies were added in 1% milk powder in phos-
phate-buffered saline (PBS) and incubated overnight at
4�C. Horseradish peroxidase-conjugated secondary anti-
body (Sigma) was detected by enhanced chemilumines-
cence assay (Amersham, Piscataway, NJ, USA). The fol-
lowing antibodies were used: Hsp25 (rodent isoform of
Hsp27; SPA-801, Stressgen Biotechnologies, Victoria, BC,
Canada); human Hsp27 (SPA-803, Stressgen); rodent
Hsp32 (OSA-111, Stressgen); human Hsp32 (OSA-110,
Stressgen); Hsp40 (SPA-400, Stressgen); Hsp70 (SPA-810,
Stressgen); Hsp70B� (SPA-754, Stressgen); Hsp110 (SPA-
1101, Stressgen); constitutively expressed Hsc70 (SPA-
815, Stressgen); and �-tubulin (MAB3408, Chemicon, Te-
mecula, CA, USA). Western blots representative of 6 ex-
perimental repeats are shown.

RESULTS

Induction of Hsps in cultured human and rodent
neurons by celastrol

As shown in Figure 1, celastrol in the dosage range of
1.25 to 3 �M induced Hsps in both undifferentiated and
differentiated human SH-SY5Y and rodent NG108-15
neuronal cells. A robust induction of Hsp27, Hsp32, and
Hsp70 was apparent in undifferentiated cells. Following
neuronal differentiation, the level of induction of Hsp27
and Hsp70 was reduced with less effect on Hsp32. Ce-
lastrol also caused a robust induction of an additional
Hsp, namely Hsp70B� (Leung et al 1990, 1992; Tavaria et
al 1996) in both differentiated and undifferentiated hu-
man neurons. Induction of this Hsp was not observed in
rodent neurons (Fig 1). To our knowledge, Hsp70B� has
not been studied previously in neural cells. Interestingly,
as the dosage of celastrol was increased from 1.25 to 3
�M, a progressive decrease in the level of induction of
Hsp27, Hsp32, Hsp70, and Hsp70B� was apparent in the
differentiated human neurons. This suggested that the
high dosages of celastrol might be adversely affecting the
cells, hence the next set of experiments were designed to
address this point. Constitutively expressed Hsc70 was
detected in both undifferentiated and differentiated hu-
man and rodent neurons and its level did not show
marked changes after celastrol treatment. Induction of
Hsps in the differentiated human neurons was impaired
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Fig 2. Effect of celastrol on the cel-
lular viability of undifferentiated neuro-
nal cells. (A) Microscopic analysis us-
ing propidium iodide (PI) exclusion
methodology revealed that celastrol at
3 �M triggered cell death in undiffer-
entiated human (SH-SY5Y) and rodent
(NG108-15) neurons (indicated by ar-
rows). Control, cells without treatment;
dimethyl sulfoxide (DMSO), vehicle
control for celastrol; Ce, celastrol dis-
solved in DMSO vehicle. (B) A dose-
response analysis indicated that the
threshold at which neuronal viability
was affected was 1 �M for undifferen-
tiated human neurons and 1.5 �M for
undifferentiated rodent neurons.

by higher dosages of celastrol without promoting degra-
dation of constitutively expressed Hsc70.

Effect of celastrol on the cellular viability of
undifferentiated neuronal cells

Microscopy revealed that celastrol at 3 �M influenced
neuronal viability in undifferentiated human and rodent
neuronal cells (Fig 2A). The propidium iodide exclusion
methodology revealed a loss of membrane integrity after
celastrol treatment, as indicated by the yellow arrows.
Control cells were not affected (no treatment or DMSO
vehicle alone). A dose-response analysis was undertaken
to provide an estimate of cell death. This demonstrated
that the threshold at which neuronal viability was affect-
ed was 1 �M for human neurons and 1.5 �M for rodent
neurons in the undifferentiated state (Fig 2B).

Effect of celastrol on differentiated neuronal cells

Differentiated human and rodent neurons exhibited ex-
tensive outgrowth of neurite processes (Fig 3A,B). These
processes were lost after celastrol treatment at 3 �M,

which coincided with cell shrinkage and rounding up of
cell bodies (Fig 3A,B). A cell death assay was employed
that allowed viable cell counts of differentiated neurons.
The resultant dose-response analysis measuring both ap-
optotic nuclear morphology and neurite degeneration re-
vealed that the threshold at which viability was affected
was 0.75 �M for both human and rodent neuronal cells
in the differentiated state (Fig 3C). The fact that highest
dosages of celastrol induced Hsps in differentiated rodent
neurons and not in differentiated human neurons (Fig 1)
may be explained by the observation that some rodent
cells survived the highest celastrol dosages, whereas hu-
man cells did not (Fig 3C).

Celastrol induces a wider set of Hsps in differentiated
human neurons compared to differentiated rodent
neurons

When dosages in the viable range were employed (Fig 4),
celastrol was observed to induce a wider set of Hsps in
differentiated human SH-SY5Y neurons compared to dif-
ferentiated rodent NG108-15 neurons. For example,
Hsp27, Hsp32, Hsp70, and Hsp70B� were induced in dif-
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Fig 3. Effect of celastrol on differen-
tiated neuronal cells. Microscopic anal-
ysis using (A) phase contrast micros-
copy and (B) 4�,6-diamidino-2-pheny-
lindole (DAPI)/propidium iodide (PI)
staining on fixed cells showed that ce-
lastrol at 3 �M induced cell death in dif-
ferentiated human (SH-SY5Y) and ro-
dent (NG108-15) neurons. (C) A dose-
response analysis demonstrated that
the threshold at which neuronal viability
was affected was 0.75 �M for both hu-
man neurons and rodent neurons in the
differentiated state.

ferentiated human neurons at celastrol levels that did not
affect viability, whereas induction of Hsp32 was observed
in differentiated rodent neurons. Constitutively expressed
Hsc70 and Hsp110 did not show marked changes.

The minimal dosages of celastrol required to induce
the various Hsps in both differentiated and undifferen-
tiated human and rodent neurons are summarized in Fig-
ure 5. This clearly indicates that differentiated rodent
neurons are not responsive to celastrol in terms of Hsp70
and Hsp27 expression at dosages in the viable range
whereas Hsp27, Hsp32, Hsp70, and Hsp70B� are respon-

sive in the differentiated human neurons. Clearly celas-
trol induces this set of Hsps in the differentiated human
neurons at viable dosages.

DISCUSSION

Neurodegenerative disorders such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis
(ALS) have been termed protein-misfolding disorders
that are characterized by the neuronal accumulation of
protein aggregates (Muchowski and Wacker 2005). Ma-
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Fig 4. Celastrol induces a wider set of
heat shock proteins (Hsps) in differen-
tiated human neurons compared
to differentiated rodent neurons. Hu-
man (SH-SY5Y) neurons and rodent
(NG108-15) neurons were treated with
celastrol at 0.1 to 1 �M with and with-
out prior induction of differentiation. Im-
munoblotting revealed that dosages of
celastrol within the viable range in-
duced Hsp27, Hsp32, Hsp70, and
Hsp70B� in differentiated human neu-
rons, and Hsp32 was induced in differ-
entiated rodent neurons. Levels of con-
stitutively expressed Hsc70 and
Hsp110 did not show marked changes.

Fig 5. Summary of minimal celastrol dosages required for induc-
tion of various Hsps in differentiated (Diff) and undifferentiated (Un-
diff) human and rodent neurons. Arrows indicate the minimal dosage
of celastrol required for the induction of the corresponding Hsp. Ce-
lastrol treatments in the viable range are indicated by the shaded
portion of the triangle that represents a dosage range of 0.1 to 3 �M
celastrol.

nipulation of the cellular stress response involving induc-
tion of heat shock proteins in differentiated neurons of-
fers a therapeutic strategy to counter conformational
changes in neuronal proteins that trigger pathogenic cas-
cades, resulting in neurodegenerative diseases. Hsps are
protein repair agents that provide a line of defense

against misfolded, aggregation-prone proteins. The abil-
ity of celastrol to induce a set of Hsps in differentiated
human neuronal cells at dosages that do not affect neu-
ronal viability qualifies it as a potential candidate for
combating human protein misfolding neurodegenerative
diseases using upregulation of Hsps as a therapeutic
strategy. The differentiation status of neurons is of par-
ticular importance because differentiated neurons in both
in vivo and in vitro systems have been reported to be
refractory to Hsp induction following conventional heat
shock (Manzerra et al 1993; Foster et al 1995; Dwyer et
al 1996; Hatayama et al 1997; Batulan et al 2003). Hence
the observed ability of celastrol to induce Hsps in differ-
entiated human neurons is significant. Interestingly, our
present study shows that celastrol is more limited in its
ability to induce a set of Hsps in differentiated rodent
neurons. Celastrol has been shown to induce Hsp70 via
activation of heat shock transcription factor (HSF) 1 in
undifferentiated neuroblastoma cells at 3 �M (Westerheide
et al 2004), a dosage that our present studies suggest is
detrimental to cell viability.

Animal models of Alzheimer’s disease, Parkinson’s dis-
ease, and ALS have been developed in rodents. Further-
more, therapeutic strategies for combating these neuro-
degenerative disorders, including the approach of upreg-
ulating Hsps, have led to testing of candidate drugs in
these rodent models. Celastrol has been shown to be neu-
roprotective in rodent models of Parkinson’s disease
(Cleren et al 2005), Huntington’s disease (Cleren et al
2005; Wang et al 2005), and ALS (Kiaei et al 2005). Our
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present studies on celastrol demonstrate that it induces a
wider set of potentially neuroprotective Hsps in differ-
entiated human neurons compared to differentiated ro-
dent neurons, namely Hsp27, Hsp32, Hsp70, and
Hsp70B�. Given this differential pattern of Hsp induction,
celastrol may confer greater neuronal protective benefits
against neurodegenerative disease in the human brain,
exceeding its potential in the rodent-based neurodegen-
erative models mentioned above (Cleren et al 2005; Kiaei
et al 2005; Wang et al 2005). It is unknown whether other
human and rodent neuronal cell lines also would show
that celastrol induces a wider set of Hsps in differentiated
human neurons compared to differentiated rodent neu-
rons or whether the difference in Hsp inducibility is
unique to the particular cell lines used in this investiga-
tion. We specifically selected SH-SY5Y human cells and
NG108-15 rodent cells for the present study because these
cell lines have been used widely as tissue culture model
systems for neurodegenerative diseases. SH-SY5Y cells
have been employed as a model for the study of Parkin-
son’s disease (Duka and Sidhu 2006; Ho et al 2006; Inden
et al 2006) and Alzheimer’s disease (Bandyopadhyay et al
2006; Bate et al 2006; Schaeffer et al 2006; Westmark et al
2006). NG108-15 cells have been used as a model for the
study of Parkinson’s disease (Pifl et al 1993), Alzheimer’s
disease (Yoshizaki et al 2004; Suga et al 2005; Tsukane et
al 2007), and polyQ disorders (Ji et al 2006).

Our studies highlight the fact that the spectrum of
Hsp70 genes present in the human genome includes
members, such as Hsp70B�, that are not present in rodent
genomes (Parsian et al 2000; Noonan et al 2007), and
hence are not beneficial factors in animal models of neu-
rodegenerative diseases to combat misfolded proteins.
The Hsp70B� gene appears to have arisen after the di-
vergence of rodents and humans (Parsian et al 2000;
Noonan et al 2007). Although Hsp70B� and stress-induc-
ible Hsp70 share 84% sequence identity, differences in the
substrate-binding pocket and activation profiles may con-
fer Hsp70B� with a distinct cellular role (Noonan et al
2007). To our knowledge, Hsp70B� has not received atten-
tion in the field of human neurodegenerative diseases.
Noonan et al (2007) recently have stated that Hsp70B� is
a unique member of the human Hsp70 family of chap-
erones about which information is scarce. The present in-
vestigation demonstrates that celastrol induces Hsp70B�
in differentiated human neurons and contributes to the
wider set of celastrol-inducible Hsps that is present in
human neurons compared to rodent neurons. Our stud-
ies indicate that Hsp70B� is strictly inducible and does
not exhibit detectable basal expression in human neu-
rons. In summary, celastrol is a promising candidate as a
therapeutic agent for neurodegenerative diseases with the
attractive feature of upregulating a wider set of Hsps in

differentiated human neurons compared to rodent neu-
rons.
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