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Abstract
Celastrol is a quinone methide triterpenoid extracted from the root bark of Tripterygium wilfordii Hook F, and it
exhibits extensive biological activities such as anti-cancer effects. However, narrow therapeutic window together
with undesired side effects limit its clinical application. In this study, we explore celastrol’s cardiotoxicity using the
methods of histology and cell biology. The results show that celastrol administration dose-dependently induces
cardiac dysfunction in mice as manifested by left ventricular dilation, myocardial interstitial fibrosis, and cardio-
myocyte hypertrophy. Exposure to celastrol greatly decreases neonatal rat ventricular myocyte (NRVM) viability
and promotes its apoptosis. More importantly, we demonstrate that celastrol exerts its pro-apoptotic effects
through endoplasmic reticulum (ER) stress and unfolded protein response. Furthermore, siRNA targeting C/EBP
homologous protein, a pivotal component of ER stress-mediated apoptosis, effectively prevents the pro-apoptotic
effect of celastrol. Taken together, our results demonstrate the potential cardiotoxicity of celastrol and a direct
involvement of ER stress in the celastrol-induced apoptosis of NRVMs. Thus, we recommend careful evaluation of
celastrol’s cardiovascular effects when using it in the clinic.
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Introduction
Celastrol, a bioactive compound isolated from Tripterygium
wilfordii Hook F, has a substantial potential for treating chronic
inflammation-related diseases [1–8], including cancers [9–11].
However, its narrow therapeutic window and severe side effects
greatly limit its clinical application [12–14]. Sun et al. [15]
demonstrated that, at 200 nM, celastrol inhibits cardiac Kir2.1 and
hERG potassium channels with dual effects on both ion conductiv-
ity and protein trafficking, leading to QT prolongation. Recently, Liu
and coworkers demonstrated that 2 mg/kg celastrol could induce
cardiomyocyte apoptosis and cardiac injury [16]. Considering the
wide anti-cancer activities of celastrol, it is necessary to determine
celastrol’s cardiotoxicity and the potential mechanism involved.
The endoplasmic reticulum (ER) is an organelle playing an

essential role in multiple cellular processes, such as protein folding,
calcium homeostasis, and lipid biosynthesis [17,18]. Several
environmental, physiological, or pathological stimuli, including

toxic compounds, oxidative stress, disordered calcium metabolism,
elevated protein synthesis, and nutrients deprivation, can interfere
with ER function [19,20], leading to an accumulation of unfolded or
misfolded proteins in the ER. This phenomenon is named ER stress.
When ER stress occurs, three ER transmembrane sensors are
activated, namely, protein kinase R-like ER kinase (PERK), inositol-
requiring enzyme 1 (IRE1), and activating transcription factor 6
(ATF6), which initiates an adaptive response called the unfolded
protein response (UPR) [20]. Another mechanism that reduces the
level of misfolded and unfolded proteins in the ER is degradation via
the ER-associated protein degradation (ERAD) pathway [17,18],
which retro-translocates these proteins into the cytosol and then
degrades them through the ubiquitin–proteasome machinery. If ER
stress is prolonged and overwhelmed, ER stress-initiated apoptotic
signaling is induced [21]. Interestingly, all of the ER sensor proteins
are also responsible for apoptotic signaling, but the factors
influencing the cell survival or death remain unclear [22].
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Accumulating evidence suggests that ER stress-related signaling
pathways are implicated in the pathophysiology of cardiovascular
diseases [23,24]. Furthermore, many groups have demonstrated
that the UPR and ER stress-initiated apoptosis co-exist in failing
hearts and the ER stress-dependent cell death pathway may affect
the transition from cardiac hypertrophy to heart failure [25–27].
Notably, increasing evidence shows that ER stress-initiated apopto-
tic signaling may be involved in the cardiotoxicity of anti-cancer
therapy [28–30].
In this study, we investigated the association between ER stress-

initiated apoptosis and the cardiotoxicity of celastrol. We examined
the effects of celastrol on mouse hearts and investigated the
potential mechanism. We demonstrated that celastrol causes
cardiac dysfunction in mice and induces neonatal rat ventricular
myocyte (NRVM) apoptosis. Moreover, the activation of the ER
stress response by celastrol at least partly contributes to its pro-
apoptotic effect against cultured cardiomyocytes.

Materials and Methods
Animals and experimental protocols
The animal experiments conformed to the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes
of Health regulations (NIH publication No. 85-23, revised 148 in
2011). Celastrol powder (L-003; Herbpurify, Chengdu, China) was
dissolved it in dimethyl sulfoxide (DMSO) and stored in aliquots at
–20°C. Male C57BL/6J mice (8 weeks old; Gempharmatech,
Nanjing, China) were randomly assigned into five groups and
administered with saline (every day), vehicle (DMSO:PEG300:
Tween-80:saline=1:4:0.5:4.5, every day), or celastrol (1 and
2 mg/kg every day or 4 mg/kg every other day) by intraperitoneal
(i.p.) injection. After 2 weeks, the mice were anesthetized using
Avertin (250 mg/kg, i.p.) and the two-dimensional guided M-mode
and Pulsed-Wave Doppler images were recorded. Each measure-
ment was performed at least in triplicate. The images were analyzed
using the VEVO 2100 analysis software (VisualSonics, Toronto,
Canada). Animal experiments and echocardiographic measure-
ments were carried out by two independent, blinded operators.

Primary culture of NRVMs
NRVMs were prepared from the ventricles of 1–3-day-old Wistar
rats (Gempharmatech) using the method described by Maass et al.
[31]. Briefly, ventricles collected from the hearts of rat pups were
pooled, minced and mixed with 5 mL of pre-warmed trypsin (BD
Difco, Michigan, USA) solution (2 mg/mL) as per standard tryptic
digestion protocols. After digestion, the supernatants were pooled
and centrifuged at 800 g for 5 min. Then, the cells were suspended
in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, USA)
supplemented with 10% fetal bovine serum, penicillin (100 U/mL),
and streptomycin (100 μg/mL). Then, cardiomyocytes were pur-
ified and cultivated using the differential adhesion method. The
cardiomyocyte-enriched media were transferred into another tissue
cul ture dish supplemented with bromodeoxyuridine
(100 μM, 19-160; Sigma-Aldrich Chemical, St Louis, USA) to inhibit
the proliferation of non-cardiomyocytes for the first 48 h. Finally,
the cultured NRVMs were seeded on coverslips or in 24- and 96-well
plates for the subsequent assays.

Histological analysis
For histological analysis, the mouse hearts were washed with ice-

cold phosphate- buffered saline (PBS) and then fixed in 4%
paraformaldehyde overnight. The heart samples were embedded
in paraffin and cut longitudinally into 5-μm sections. Serial heart
sections were stained with hematoxylin and eosin (HE) or Masson’s
trichrome for morphology, cellular dimensions, and fibrosis
assessment. Digital image analysis was performed blindly with
ImageJ software. The cultured NRVMs were incubated with 1.0 μM
celastrol for 24 h and then fixed with 95% ethanol for 20 min and
stained with HE dye (C0105S; Beyotime Biotechnology, Shanghai,
China).

Immunofluorescence analysis
The mouse heart sections were deparaffinized with xylene and then
dewatered with ethanol. After heat-induced antigen retrieval, the
cell membrane was permeabilized with 0.1% Triton X-100, and
non-specific sites were blocked with goat serum (C0265; Beyotime
Biotechnology) for 30 min at a room temperature. The sections were
then incubated with rabbit polyclonal antibodies against glucose-
regulated protein 78 (GRP78) (1:200, GB11098; Servicebio, Wuhan,
China) overnight at 4°C, followed by incubation with fluorescein-
conjugated secondary antibodies (1:200, A-21428; Invitrogen) for
1 h at a room temperature in the dark. Afterwards, the nuclei were
stained with DAPI for 5 min at a room temperature. The images
were captured using a fluorescence microscope (Ti-S; Nikon,
Tokyo, Japan).

MTT assay
Cell viability was assessed using the MTT cell proliferation and
cytotoxicity detection kit (KGA311; KeyGEN Biotech, Nanjing,
China). Briefly, NRVMs in a density of 3×104 cells/mL were seeded
in 96-well plates and exposed to various concentrations of celastrol
for 24 h. To inhibit apoptosis, NRVMs were pretreated with the pan-
Caspase inhibitor Z-VAD-FMK (10 mM, C1202; Beyotime Biotech-
nology) for 3 h before treating themwith celastrol (1.0 μM for 24 h).
Then 50 μL of MTT solution to each well and incubated at 37°C for
4 h. After removal of the medium, 150 μL of DMSO was added to
each well to dissolve the formazan crystal. Finally, the absorbance
of the dissolved formazan crystal solution was measured at 570 nm
using a microplate reader (Thermo Fisher Scientific, Waltham,
USA).

Hoechst staining
Cell apoptosis was detected by Hoechst staining. Cultured NRVMs
were treated with 1.0 μM or 1.5 μM of celastrol for 24 h. To inhibit
the ER stress response, NRVMs were pretreated with 4-PBA
(0.5 mM, P21005; Sigma-Aldrich Chemical) for 3 h before treating
themwith celastrol (1.0 μM for 24 h). Then cells were fixed with 4%
paraformaldehyde for 15 min and then stained with Hoechst 33342
dye (1 μg/mL, 14533; Sigma-Aldrich Chemical) for 5 min. After
being washed with PBS, cells were mounted on coverslips using
glycerol. Then cell images were captured using the fluorescence
microscope.

Measurement of mitochondrial membrane potential
Cultured NRVMs were exposed to various concentrations of
celastrol for 24 h. Then the mitochondrial membrane potential
(ΔΨm) was measured using a mitochondrial membrane potential
assay kit (JC-1, C2006; Beyotime Biotechnology) according to the
manufacturer’s protocol.
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Quantitative real-time PCR
Total RNA was extracted from NRVMs using the Trizol reagent
(Invitrogen) following the manufacturer’s protocol and converted
into cDNA using a PrimeScriptTM RT reagent (RR047A) kit (TaKaRa,
Tokyo, Japan). Quantitative real-time PCR (qRT-PCR) was per-
formed using a SYBR® Premix EXTaqTM (RR420A) kit (TaKaRa)
according to the manufacturer’s instruction on a StepOnePlus™ Real-
Time PCR Detection System (Applied Biosystems, Foster City, USA).
The relative mRNA levels were determined by normalizing them to
the rat 18s rRNA level. The qPCR conditions were: 95°C for 30 s,
followed by 40 cycles at 95°C for 5 s, 60°C for 34 s. Detailed primer
sequences are presented in Table 1. XBP1 splicing was detected using
the following primers: forward 5′-ACGAGAGAAAACTCATGG-3′ and
reverse 5′-ACAGGGTCCAACTTGTCC-3′. These primer pairs could
detect both unspliced XBP1 (290 bp) and spliced XBP1 (264 bp).

Caspase-3 activity assay
Cultured NRVMs were seeded into 6-well plates and incubated with
various concentrations of celastrol for 24 h. Caspase-3 activity was
assessed using a Caspase-3 colorimetric assay kit (KGA204;
KeyGEN Biotech) according to the manufacturer’s protocol.

Western blot analysis
NRVMs were washed with cold PBS and lysed with 1× SDS-PAGE
sample buffer (45 mM Tris-HCl, pH 6.8, 10% glycerol, 1% SDS,
0.01% bromophenol blue, and 0.05 mM DTT) supplemented with
1 mM PMSF and a protease inhibitor cocktail (Roche, Mannheim,
Germany). The lysates were boiled at 99°C for 10 min, separated by
12% SDS-PAGE, and then transferred onto PVDF membranes. The
PVDF membranes were blocked with 5% non-fat milk in Tris-
buffered saline containing 0.1% Tween-20 (TBST) for 1 h at a room
temperature, followed by overnight incubation at 4°C with the
appropriate primary antibodies against C/EBP homologous protein
(CHOP) (1:500, sc-7351; Santa Cruz Biotechnology, Dallas, USA),
ubiquitin (1:500, sc-8017; Santa Cruz Biotechnology), GRP78
(1:500, BS6479; Bioworld Technology, Shanghai, China), eukar-
yotic initiation factor 2α (eIF2α) (1:500, BS3651; Bioworld
Technology), and phosphorylated eIF2α at Ser51 (p-eIF2α) (1:500,
BS4787; Bioworld Technology). The membranes were washed with
TBST and incubated with HRP-conjugated secondary antibodies
(1:10,000, BS13278, BS12478; Bioworld Technology). Finally, the
protein blots were visualized using an enhanced chemilumines-
cence kit (Bio-Rad, Hercules, USA) with the Fluor Chem E System
(Cell Biosciences, Santa Clara, USA). To promote ER stress in
NRVMs, we used thapsigargin (1.0 μM, T9033; Sigma-Aldrich
Chemical) as a positive control.

Immunofluorescence microscopy
Cultured NRVMs were seeded on coverslips. After treatment with

1.0 μM celastrol for 12 h, the cells were fixed in 4% paraformalde-
hyde for 15 min, permeabilized with 0.1% Triton X-100 for 30 min,
and then blocked in 3% BSA for 30 min at a room temperature.
Then, cells were incubated with mouse monoclonal antibodies
against calnexin (1:100, ab112995; Abcam, Cambridge, UK) at 37°C
for 2 h, followed by incubation with Alexa Fluor 555-conjugated
goat anti-mouse IgG (H+L) (1:200, A-21422; Invitrogen) at 37°C for

2 h. After wash with PBST (0.1% Tween-20 in PBS), cells were
stained with Hoechst 33342 (1 μg/mL) for 5 min at a room
temperature Finally, cells were washed with PBST and cell images
were capture with a confocal microscope (A1; Nikon, Tokyo,
Japan).

Transfection of small interfering RNA
Cultured NRVMs were seeded in 6-well plates and transfected with
siCHOP using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions. The rat CHOP-specific small interfer-
ing RNA (siRNA) and scrambled control siRNA were purchased
from Invitrogen. The sequences are as follows: siCHOP, 5′-
CGAAGAGGAAGAAUCAAA-3′; scramble control siRNA, 5′-UU-
CUCCGAACGUGUCACGUTT-3′. The effectiveness of siCHOP in
different concentrations was confirmed by western blot analysis.
After transfection, cells were treated with 1.0 μM celastrol for 24 h
and collected for subsequent analysis.

Statistical analysis
Data are presented as the mean±standard deviation (SD) from at
least three independent experiments. Pairs of groups were
compared using Student’s two-tailed t-test and multiple groups
were compared using one-way ANOVA with Tukey’s HSD post hoc.
All statistical analyses were performed using SPSS 21.0 software.
P<0.05 was considered statistically significant.

Results
Celastrol causes cardiac dysfunction and myocardial
fibrosis in mice
Mice were injected with three different doses of celastrol following
the administration regimen. To explore the potential effects of
celastrol on mice, we first monitored the mice’s bodyweight. Figure
1A shows that celastrol remarkably decreased the bodyweight of
exposed mice compared with the controls, implying that celastrol
suppresses food intake or enhances energy expenditure, leading to
weight loss. Next, echocardiographic measurements were per-
formed to determine the cardiotoxic effects of celestrol. As shown in
Figure 1B,C, treatment with a low dose of celastrol (1 mg/kg/day)
for 2 weeks had no significant effect on the heart weight, cardiac
contractile function, or heart structure. However, treatment with a
medium dose (2 mg/kg/day) or a high-dose (4 mg/kg every 2 days)

Table 1. Sequences of primers used in RT-qPCR

Gene Forward primer (5′→3′) Reverse primer (5′→3′)

Bcl-2 CGACTTTGCAGAGATGTCCA ATGCCGGTTCAGGTACTCAG

Bax TGCAGAGGATGATTGCTGAC GATCAGCTCGGGCACTTTAG

Caspase-3 AATTCAAGGGACGGGTCATG GCTTGTGCGCGTACAGTTTC

Caspse-12 CTCTTCATTTCCAAACTCGTTGACT GGGCATCTGGGTCAGTTCAC

GRP78 AACCCAGATGAGGCTGTAGCA ACATCAAGCAGAACCAGGTCAC

CHOP TGGCACAGCTTGCTGAAGAG TCAGGCGCTCGATTTCCT
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of celastrol for 2 weeks caused a notable decline of heart weight and
contractile function, along with cardiac structural remodeling
relative to the controls, as indicated by the reduced heart weight
to tibia length ratio (HW/TL), ejection fraction (EF%), fraction
shortening (FS%), and end-diastolic interventricular septum thick-
ness (IVSd) as well as the increased end-systolic dimension of the

left ventricle (LVIDs).
Furthermore, the histological analysis revealed that medium and

high doses of celastrol significantly increased the cross-sectional
areas of cardiomyocytes (Figure 2A,B) and fibrosis in the interstitial
spaces (Figure 2A,C) relative to the controls, further demonstrating
that celastrol dose-dependently induces myocardial injury and

Figure 1. Celastrol impairs cardiac function in mice (A) Mice bodyweight in each group, recorded at 1-day intervals (n=10 mice per group). (B)
The heart weight to tibia length ratio (HW/TL) in each group (n=10 mice per group). (C) Representative echocardiographic images of the left
ventricles from the five groups, echocardiographic parameters (left ventricular ejection fraction (EF%), left ventricular fractional shortening (FS%),
end-systolic and end-diastolic interventricular septum thickness (IVSs and IVSd), and end-systolic and end-diastolic dimension of the left ventricle
(LVIDs and LVIDd)) presented as the mean±SD in bar graphs illustrating the impaired contractility of the celastrol-treated mice (n=10 mice per
group). One-way ANOVA with Tukey’s HSD post hoc was used to test the statistical significance. *P<0.05 and **P<0.01 vs controls.

Celastrol cardiotoxicity involves the ER stress response 1183

Chen et al. Acta Biochim Biophys Sin 2022



cardiac dysfunction. Moreover, mice in the medium- and high-dose
groups displayed some side effects on other tissues, including
kidney weight reduction and hepatotoxicity (weight loss and
inflammatory cell infiltration) (Supplementary Figure S1). Collec-
tively, these results suggest that celastrol is dose-dependently
cardiotoxic and induces pathological cardiac remodeling.

Celastrol reduces cell viability and promotes apoptosis
in NRVMs
To investigate the in vitro cytotoxicity of celastrol, we assessed the
viability of primary rat cardiomyocytes in response to celastrol by
MTT assays. As shown in Figure 3A, celastrol concentration-
dependently inhibited NRVM viability. From 1.0 μM, celastrol
significantly decreased NRVM viability. Consistently, the micro-
scopic images indicated that celastrol dose-dependently increased
the number of drifting cells and reduced the rate of cell attachment
(Figure 3B). Notably, the HE-staining images of NRVMs clearly
showed that cytoplasmic vacuoles appeared after exposure to
1.0 μM celastrol for 24 h (Figure 3C). The Hoechst 33342-staining
images demonstrated that celastrol effectively induced apoptosis in
NRVMs as indicated by the condensed and fragmented nuclei.
Moreover, at 1.0 μM and 1.5 μM, celastrol significantly increased
the percentage of apoptotic cardiomyocytes (Figure 3D). We also
observed necrosis in NRVMs treated with celastrol (1.0 or 1.5 μM,
for 24 h), but it contributed far less to cell death than apoptosis did
(Supplementary Figure S2).

To further characterize celastrol-induced apoptosis, we detected
mitochondrial ΔΨm in NRVMs using the JC-1 fluorescent probe.
Treatment with 1.0 μM celastrol for 12 h disrupted the mitochon-
drial ΔΨm, as evidenced by the markedly increased green
fluorescence intensity (Supplementary Figure S3). The JC-1 staining
images revealed that 24 h of celastrol treatment decreased the red/
green fluorescence intensity ratio by almost 50% compared with the
control group (Figure 4A). Moreover, we explored how celastrol
affects apoptosis-related genes. Celastrol (1.0 μM for 12 h) down-
regulated Bcl-2 expression and up-regulated Bax, Caspase-3, and
Caspase-12 mRNA levels in NRVMs compared with the control
group (Figure 4B,C). Meanwhile, the activity of Caspase-3, which
plays a crucial role in apoptosis, was increased in NRVMs treated
with increasing concentrations of celastrol for 24 h (Figure 4D).
These results confirm that the apoptotic pathway plays a role in
celastrol-mediated cardiomyocyte death. To inhibit apoptosis, we
pretreated NRVMs with the pan-Caspase inhibitor Z-VAD-FMK
(10 mM) for 3 h before treating them with celastrol (1.0 μM for
24 h). This Z-VAD-FMK pretreatment significantly increased cell
viability compared with celastrol treatment alone (Figure 4E).
Overall, these results suggest that celastrol-induced apoptosis
substantially contributes to celastrol cytotoxicity.

Celastrol induces ER stress and activates the UPR
pathway
Celastrol is a natural proteasome inhibitor [9]. To confirm that

Figure 2. Celastrol causes cardiomyocyte hypertrophy and cardiac interstitial fibrosis in mice (A) Representative HE (top) and Masson’s trichrome
(bottom) staining images of the left ventricular sections from the five groups. Scale bar: 50 μm. (B) Statistical comparison of the cross-sectional
area of cardiomyocytes in different groups (n=100 cells from three hearts per group, left). Each cell size in the indicated group relative to the
control group is presented on the scatter plots. Statistical comparison of the fibrotic areas in different groups (n=5–7 fields from three hearts per
group, right). The fibrotic area quantification relative to the section areas is presented on the scatter plots. One-way ANOVA with Tukey’s HSD post
hoc was used to test the statistical significance. **P<0.01 vs controls.
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celatrol inhibits the proteasome in cultured NRVMs, we performed
an immunoblot assay and analyzed protein ubiquitination in whole-
cell lysates. Treatment of NRVMs with various doses of celastrol for

2 h markedly increased the ubiquitinated proteins levels. Notably,
the accumulation of ubiquitinated proteins occurred as early as 1 h
after the addition of 1.0 μM celastrol (Figure 5A), much earlier than
the mitochondrial ΔΨm disruption. We also checked the ER
morphology in NRVMs by staining the ER membrane protein

calnexin. As shown in Figure 5B, vacuoles appeared in cells treated
with 1.0 μM celastrol for 12 h. These data indicate that considerable
celastrol-induced proteasome inhibition is the early event that may
trigger ER stress and the UPR pathway in NRVMs.
To test this hypothesis, we first analyzed the expressions of ER

stress-related genes in response to celastrol. The results showed that
celastrol-treated NRVMs (0.5, 0.75 and 1.0 μM for 12 h) had
significantly elevated levels of GRP78 (Figure 6A,B), an ER stress
marker released to assist the folding of accumulated proteins.

Figure 3. Celastrol attenuates cell viability and induces cytoplasmic vacuoles in NRVMs (A) Results of the cell viability MTT assay (n=3 per
group). The cultured NRVMs were incubated with increasing concentrations of celastrol for 24 h. (B) Light micrograph images of NRVMs treated
with or without celastrol. Scale bar: 100 μm. Cells were treated with 0.25, 0.5, 1.0, and 1.5 μM celastrol for 24 h. (C) Representative HE-staining
images of NRVMs treated with or without 1.0 μM celastrol for 24 h. Scale bar: 20 μm. The black arrows indicate cytosolic vacuoles observed in the
celastrol-treated NRVMs. D. Representative Hoechst 33342-staining images of the nucleus morphology of NRVMs treated with celastrol. Scale bar:
20 μm. Cells were treated with 1.0 μM or 1.5 μM of celastrol for 24 h. The white arrows indicate the condensed or fragmented nuclei observed in the
celastrol-treated cells (left). Quantitative analysis results of the ratio of apoptotic cells treated with or without celastrol treatment (n=6 per group,
right). One-way ANOVA with Tukey’s HSD post hoc was used to test the statistical significance. *P<0.05 and **P<0.01 vs controls.
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Consistent with the in vitro results, celastrol dose-dependently
induced the GRP78 expression in the mouse hearts (Supplementary
Figure S4). Meanwhile, the protein expression of CHOPwas notably
up-regulated as early as 6 h after treatment with 1.0 μM celastrol
(Figure 6C). This up-regulation was dose-dependent (Figure 6D).
Furthermore, we examined the expressions of UPR-related genes.
The UPR is characterized by the action of three signaling proteins:
ATF6, PERK, and IRE1. Our results revealed that celastrol increased
the ATF6 mRNA level in time- and dose-dependent manners. As
shown in Figure 6E, cells treated with 1.0 μM of celastrol had
markedly increased PERK-regulated phosphorylation of eIF2α (p-
eIF2α) after 30 min of treatment. Additionally, celastrol time- and
dose-dependently induced the IRE1-mediated cleavage of the XBP1
mRNA precursor (unspliced XBP1) into mature XBP1 mRNA

(spliced XBP1) (Figure 6F). Taken together, our results indicate
that celastrol induces proteasome-inhibition-dependent ER stress
and activates the resultant UPR pathway in NRVMs, which might be
the primary mechanism of celastrol-induced cytotoxicity.

Celastrol causes CHOP-dependent ER stress-induced
apoptosis
To confirm whether celastrol induces cardiomyocyte apoptosis
through the ER stress-mediated apoptotic pathway, we analyzed the
apoptotic cell population and the expressions of related genes in the
presence of 4-PBA (0.5 mM). Celastrol (1.0 μM) induced primary
cardiomyocyte apoptosis, and pretreatment of cells with 4-PBA for
3 h abrogated this effect (Figure 7A). Furthermore, 4-PBA prevented
the celastrol-induced decrease of Bcl-2 level and increase of Bax

Figure 4. Celastrol induces apoptosis in NRVMs (A) Representative JC-1 staining images of the NRVMs treated with or without 1.0 μM of celastrol
for 24 h. Scale bar: 20 μm. JC-1 exhibited potential-dependent accumulation in the mitochondria, indicated by the fluorescence emission shift from
green (JC-1 monomers) to orange-red (JC-1 polymers). The increased green to orange-red fluorescence ratio indicates a decrease in the
mitochondrial ΔΨm of the NRVMs treated with celastrol (left). Quantitative analysis result of the ratio of JC-1 polymers/monomers in the NRVMs
treated with or without 1.0 μM of celastrol for 24 h (n=4 per group, right). (B) The mRNA levels of genes involved in apoptosis, Bcl-2 (left) and Bax
(right) in the celastrol-treated NRVMs relative to those in the controls (n=4 per group). (C) The mRNA levels of Capase-3 and Caspase-12 in the
celastrol-treated NRVMs relative to those in the controls (n=4 per group). (D) The Caspase-3 activity of the celastrol-treated NRVMs relative to the
controls (n=3 per group). E. Results of the cell viability MTT assay (n=3 per group). Cultured NRVMs were incubated with celastrol (1.0 μM for
24 h) with or without 3 h of pretreatment with 10 mM Z-VAD-FMK, an inhibitor of apoptosis. Student’s two-tailed t-test was used to test the
statistical significance. *P<0.05 and **P<0.01 vs controls; #P<0.05 vs celastrol treatment without Z-VAD-FMK.
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expression and Caspase-3 activity (Figure 7B,C). Moreover, 4-PBA
pretreatment markedly attenuated the celastrol-induced changes in
ER stress-related gene expressions (GRP78 and ATF6) (Figure 7D).
The CHOP-dependent pathway is the most common ER stress-
mediated apoptotic mechanism [32,33]. In line with these findings,
our results showed that 4-PBA notably down-regulated CHOP
expression in NRVMs exposed to 1.0 μM of celastrol for 24 h (Figure
7E). To further identify the role of CHOP in celastrol-induced
apoptosis in NRVMs, we next blocked the CHOP pathway with
CHOP siRNA. CHOP siRNA effectively decreased CHOP expression
in celastrol-treated NRVMs (Figure 7F). Figure 7G shows the
representative morphological changes in nuclei labeled by Hoechst
33342 under different treatments. Knockdown of CHOP signifi-
cantly reduced the pro-apoptotic effects of celastrol (Figure 7H) and
improved cell viability (Figure 7I). These findings confirm that ER
stress activation mediates the pro-apoptotic effects of celastrol in
NRVMs, which is mediated at least partly by the CHOP-dependent
pathway.

Discussion
Celastrol, a robust bioactive compound derived from the Tripter-
ygium wilfordii Hook F, used in traditional Chinese medicine, has
attracted interest due to its multiple promising biological activities
[34,35]. Accumulating evidence has demonstrated that celastrol
exhibits anti-cancer activity against many human tumor cell lines
and animal cancer models [36–45]. However, celastrol’s narrow
therapeutic window is a great concern regarding its clinical
application. In general, low concentrations are inefficient, and high
concentrations show signs of toxicity.
In the present study, we investigated the pharmacological action

of celastrol on the heart, using three doses commonly used in
various tumor xenograft models [9,10,46–50]. Our results showed

that celastrol-treated mice exhibited notable cardiomyocyte en-
largement, fibrosis, and systolic dysfunction. Furthermore, the in
vitro experiments revealed that celastrol induced apoptosis and
reduced cell viability in primary cardiomyocytes. Mechanistically, a
perturbation in the ubiquitin-proteasome system and the conse-
quent ER stress response may play a crucial part in celastrol-
induced cardiotoxicity. Celastrol is a very effective suppression
agent against tumor cells, however, its cardiotoxicity is a major
concern for patients with cancer. Thus, celastrol use should be very
careful.
Celastrol is a quinone methide triterpenoid capable of reacting

with the nucleophilic thiol groups of cysteine residues in proteins
[51]. Yang et al. [9] first reported that celastrol could directly target
the proteasome. Using cell-free proteasome activity assays and
computational methods, different groups have demonstrated that
celastrol inhibits the chymotrypsin-like activity of the 20S protea-
some, leading to the accumulation of ubiquitinated proteins [10,52–
54]. Consistent with these reports, we found that, in cultured
primary cardiomyocytes, the levels of ubiquitinated proteins were
increased as early as 1 h after celastrol addition and did so in
concentration and time-dependent manners. The ubiquitin/protea-
some-mediated pathway is essential for protein homeostasis
maintenance. Proteasomal activity inhibition causes many endo-
genous proteins, including misfolded or damaged proteins, to
accumulate, which induces ER stress, and finally apoptosis [55–58].
A number of studies have demonstrated that celastrol could induce
ER stress via inhibition of proteasome activity, leading to apoptosis
in different kinds of cancer cells [52,11]. Some group also identified
that celastrol induced ER stress-mediated cell apoptosis and
inhibited tumor growth in hepatoma H22-bearing mice [54]. Our
results revealed that celastrol-treated cultured primary cardiomyo-
cytes displayed increased levels of UPR-related genes (GRP78 and

Figure 5. Celastrol increases the accumulation of ubiquitinated proteins in NRVMs (A) Representative immunoblot images of ubiquitinated
proteins in the NRVMs after exposure to various concentrations of celastrol for 24 h (left) or to 1.0 μM celastrol at indicated time points (right). (B)
Representative confocal images of the NRVMs treated with or without 1.0 μM of celastrol for 12 h. Scale bar: 10 μm. The ER was localized by
staining calnexin (an ER membrane protein), and the cell nucleus was stained with Hoechst 33342. The white arrows indicate the cytosolic vacuoles
observed in the celastrol-treated cells using calnexin staining.
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ATF6), eIF2α phosphorylation and XBP1 splicing, confirming that
celastrol can induce ER stress and activate all three branches of the
UPR. In agreement with this concept, the in vivo experiment also
demonstrated the induction of ER stress in the celastrol-treated
mouse hearts, as evidenced by increased expression of the UPR
chaperone GRP78.

Many lines of evidence demonstrate that ER stress and the
resultant UPR signaling pathway play a crucial role in the
development of cardiac diseases [22,23]. Clinical evidence and in
vivo studies have shown that UPR activation and ER stress-initiated
apoptotic signaling are associated with the pathophysiology of
cardiac hypertrophy and heart failure [25,26]. Proteins such as

Figure 6. Celastrol induces ER stress in NRVMs (A) The mRNA levels of the ER stress-related genes GRP78, ATF6, and CHOP in NRVMs treated
with 1.0 μM of celastrol for 3, 6, or 12 h relative to those in the controls (n=4 per group). (B) The mRNA levels of the ER stress-related genes GRP78,
ATF6, and CHOP in NRVMs treated with various concentrations of celastrol for 12 h relative to those in the controls (n=4 per group). (C)
Immunoblot showing the changes in GRP78 (left) and CHOP (right) expression in NRVMs treated with 1.0 μM celastrol at indicated time points. (D)
Immunoblot showing the changes in GRP78 (left) and CHOP (right) expression in NRVMs treated with various celastrol concentrations for 24 h. (E)
Immunoblot showing the phosphorylation level of eIF2α in NRVMs treated with 1.0 μM of celastrol at indicated time points. (F) Representative
agarose electrophoresis image of XBP1 mRNA (left). The XBP1 spliced mRNA level in NRVMs treated with various concentrations of celastrol for
12 h (right). Positive control: 1.0 μM thapsigargin. One-way ANOVA with Tukey’s HSD post hoc was used to test the statistical significance.
*P<0.05 and **P<0.01 vs controls.
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Figure 7. Blocking the ER stress signaling pathway prevents celastrol-induced apoptosis in NRVMs (A) Representative Hoechst 33342-staining
images showing the nucleus morphology of NRVMs pretreated with 0.5 mM 4-PBA for 3 h before celastrol treatment (1.0 μM for 24 h). Scale bar:
50 μm. The white arrows indicate the condensed or fragmented nuclei observed in the celastrol-treated cells. Quantitative analysis of the apoptotic
cells ratio (n=6 per group). (B) The Bcl-2 and Bax mRNA levels in NRVMs pretreated with 4-PBA (0.5 mM) for 3 h before exposure to 1.0 μM
celastrol for 12 h. (C) The Caspase-3 activity of the celastrol-treated NRVMs pretreated with 4-PBA (0.5 mM) for 3 h. (D) The GRP78, ATP6, and CHOP
mRNA levels in NRVMs pretreated with 0.5 mM 4-PBA for 3 h before exposure to 1.0 μM celastrol for 12 h. (E) Immunoblot image of CHOP in
celastrol-treated NRVMs before treatment with 4-PBA. (F) Immunoblot showing the changes in CHOP expression in the NRVMs. The cells were
transfected with various siCHOP for 24 h, and then treated with 1.0 μM of celastrol for 24 h. (G) Representative Hoechst 33342-staining images
showing the nucleus morphology of NRVMs treated with or without celastrol after transfection. Scale bar: 50 μm. The white arrows indicate the
condensed or fragmented nuclei observed in celastrol-treated cells. (H) Quantitative analysis of the apoptotic cells ratio (n=6 per group). (I) Results
of the cell viability MTT assay (n=3 per group). Cultured NRVMs were incubated with or without 1.0 μM celastrol for 24 h after transfection.
Student’s two-tailed t-test was used to test the statistical significance. *P<0.05 and **P<0.01 vs controls; #P<0.05 and ##P<0.01 vs the celastrol
without 4-PBA group or the celastrol with scramble group.
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Caspase-12, c-JUN NH2-terminal kinase, and CHOP participate in
the ER stress-initiated apoptotic signaling pathway [21]. Several
studies suggested that the CHOP-dependent cell death pathway
participates in the transition from cardiac hypertrophy to heart
failure [27,59]. CHOP is the most common ER stress-mediated
apoptotic protein [32,33,60], and it is mainly regulated by PERK/
eIF2α- and ATF6-dependent pathways [17,18]. CHOP decreases the
anti-apoptotic factor/pro-apoptotic factor ratio (Bcl-2/Bax), leading
to cell apoptosis [59,61]. Hu et al. [62] showed that proteasome
inhibition induces ER stress-initiated cardiomyocyte death via a
CHOP-dependent pathway. In the present study, we found that
celastrol-treated cardiomyocytes had significantly increased CHOP
mRNA level after the activation of the ATF6- and PERK/eIF2α-
dependent pathways.
Moreover, UPR activation and the sequential up-regulation of

CHOP expression occurred much earlier than mitochondrial ∆ψm
disruption, suggesting that ER stress is an early event that initiates
the intrinsic apoptosis. CHOP also stimulates calcium release by the
ER, which could provoke mitochondria-dependent apoptosis
through the release of mitochondrial cytochrome c and loss of
mitochondrial membrane potential [63,64]. However, further
investigation on the correlation between mitochondrial dysfunction
and ER stress in the celastrol-treated cardiomyocytes could provide
a better understanding of the celastrol-induced apoptotic effects.
Moreover, treatment of cells with CHOP siRNA considerably
inhibited cardiac apoptosis, suggesting that CHOP is important for
the celastrol-induced pro-apoptotic signaling. Many studies have
demonstrated that anti-cancer drugs, such as bortezomib, imatinib
and doxorubicin, can directly induce ER stress-initiated apoptotic
signaling, thus contributing to the cardiovascular complications
they induced [28–30]. Based on these findings, we recommend that
the cardiotoxicity of celastrol should be taken into account when
using it in anti-cancer therapy.
In summary, we showed that celastrol could trigger ER stress-

initiated apoptosis in cardiomyocytes. Although elucidating the
complicated mechanism of celastrol-mediated cardiotoxicity re-
quires more research, our findings suggest that its clinic use needs
special attention. Further trials, such as combination therapy,
structural celastrol derivatives, and nano/micro-systems develop-
ment, may help to improve the rational use of celastrol in clinic,
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