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BACKGROUND AND PURPOSE
Celastrol, a triterpene from plants, has been used in traditional oriental medicine to treat various diseases. Here, we
investigated the cardioprotective effects of celastrol against ischaemia.

EXPERIMENTAL APPROACH
Protective pathways induced by celastrol were investigated in hypoxic cultures of H9c2 rat cardiomyoblasts and in a rat model
of myocardial infarction, assessed with echocardiographic and histological analysis.

KEY RESULTS

In H9c2 cells, celastrol triggered reactive oxygen species (ROS) formation within minutes, induced nuclear translocation of the
transcription factor heat shock factor 1 (HSF1) resulting in a heat shock response (HSR) leading to increased expression of
heat shock proteins (HSPs). ROS scavenger N-acetylcysteine reduced expression of HSP70 and HSP32 (haeme oxygenase-1,
HO-1). Celastrol improved H9c2 survival under hypoxic stress, and functional analysis revealed HSF1 and HO-1 as key
effectors of the HSR, induced by celastrol, in promoting cytoprotection. In the rat ischaemic myocardium, celastrol treatment
improved cardiac function and reduced adverse left ventricular remodelling at 14 days. Celastrol triggered expression of
cardioprotective HO-1 and inhibited fibrosis and infarct size. In the peri-infarct area, celastrol reduced myofibroblast and
macrophage infiltration, while attenuating up-regulation of TGF-B and collagen genes.

CONCLUSIONS AND IMPLICATIONS

Celastrol treatment induced an HSR through activation of HSF1 with up-regulation of HO-1 as the key effector, promoting
cardiomyocyte survival, reduction of injury and adverse remodelling with preservation of cardiac function. Celastrol may
represent a novel potent pharmacological cardioprotective agent mimicking ischaemic conditioning that could have a
valuable impact in the treatment of myocardial infarction.

Abbreviations

ALT, alanine transaminase; AST, aspartate aminotransferase; EDD, end-diastolic diameter; EDV, end-diastolic volume;
ESD, end-systolic diameter; ESV, end-systolic volume; GGT, y-glutamyl transpeptidase; HO-1, haeme oxygenase-1; HPS,
haematoxylin phloxine saffron; HSF1, heat shock factor 1; HSPs, heat shock proteins; HSR, heat shock response; LV, left
ventricular; LVAW, left ventricular anterior wall; LVEF, left ventricular ejection fraction; LVEFS, left ventricular fractional
shortening; MI, myocardial infarction; NAC, N-acetylcysteine; ROS, reactive oxygen species; SV, stroke volume; TNT,
troponin T; ZnPP-9, zinc protoporphyrin-9
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This Table lists key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Ischaemic cardiac disease is a leading cause of morbidity and
mortality (Finegold et al., 2013). While reperfusion therapies
aim to reduce infarct size, reperfusion alone cannot eliminate
irreversible damages caused by myocardial infarction (MI), so
muscle lost is replaced by non-contractile fibrotic scar tissue
(Laflamme et al., 2007). Any intervention preserving the
viability of ischaemic myocardium will reduce infarct size
and improve repair, thus decreasing the risk of developing
heart failure or death (Solomon et al., 2005).

Ischaemic conditioning, with brief sublethal ischaemic
episodes followed by reperfusion, is a cardioprotective
mechanism that promotes expression of survival signals pro-
tecting the heart from subsequent ischaemic insult and limits
MI size (Murry et al., 1991). Conditioning treatments can be
administered before (pre-conditioning), immediately after
the onset of MI (post-conditioning) or remotely with the
same protective effects (Ovize et al., 2013). Likewise, thermal
conditioning (heat shock) also confers cellular resistance and
derives its benefits from activation of heat shock proteins
(HSPs). HSPs are molecular chaperones that govern the
proper folding of newly synthesized proteins, enhance the
ability of stressed cells to cope with increased concentrations
of denatured proteins, and are responsible for cellular sur-
vival and anti-apoptotic signalling (Haider and Ashraf, 2008).
Pharmacological agents mimicking ischaemic or thermal
conditioning are being actively investigated, and in that
effort, we identified celastrol as a potent inducer of the heat
shock response (HSR) and survival signals.

Celastrol, a triterpene originally extracted from the root
bark of a traditional oriental medicinal plant the ‘thunder
god vine’ (Tripterygium wilfordii Hook F.) is recognized as one
of the most promising medicinal molecules isolated from
plant extracts (Salminen et al., 2010). Celastrol has demon-
strated beneficial effects in the treatment of different forms of
neurodegenerative, autoimmune and inflammatory diseases
(Salminen et al., 2010). In this study, celastrol was investi-
gated for the treatment of ischaemic myocardium, by char-
acterizing its cytoprotective properties and deciphering the
activation of survival signalling pathways. This is the first
report presenting the cardioprotective effects of celastrol in
the context of ischaemic heart disease. The results suggest
that celastrol treatment of cardiomyocytes through the HSR
and up-regulation of haeme oxygenase-1 (HO-1) could repre-
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sent a novel pharmacological ‘conditioning mimetic’ that
can be used for the treatment of ischaemic heart to reduce
infarct size and improve repair.

Methods

In vitro studies

Cell culture and in vitro treatments. Rat cardiomyoblast H9c2
cells [H9C2(2-1), American Type Culture Collection (Manas-
sas, VA, USA)] were cultured at 37°C in media (DMEM high
glucose, Life Technologies, Burlington, ON, Canada) supple-
mented with 10% FBS (Life Technologies). Cells were treated
with the same media supplemented with 1% FBS and con-
taining either celastrol (10 — 10° M; Cayman Chemical,
Ann Arbor, MI, USA) or its vehicle (DMSO: 0.1% v/v,
Sigma-Aldrich, Oakville, ON, Canada). For signalling
pathway investigations, cells were pretreated for 3 h with the
following inhibitors: wortmannin (PI3K/Akt inhibitor; 1 uM,
Calbiochem, Etobicoke, ON, Canada), PD98059 (MAPK/ERK
inhibitor; 50 uM, Calbiochem), N-acetylcysteine (NAC:
2.5 mM, Sigma-Aldrich), Kribb11 [heat shock factor 1, HSF1
inhibitor (Yoon et al., 2011); 7.5 uM, Calbiochem]| and zinc
protoporphyrin-9 (ZnPP-9: HO-1 activity inhibitor; 100 nM,
Calbiochem), and maintained in media containing low con-
centrations of inhibitors (wortmannin, 100 nM; PD98059,
5 uM; NAC, 156 uM; Kribb11, 100 nM; ZnPP-9. 10 nM) until
processing for viability studies.

Protein and mRNA expression. Expression studies were con-
ducted as previously described (Noiseux et al., 2012). Equal
concentrations of proteins were probed by Western blot using
the following antigens: total and phospho-Akt (Cell Signal-
ing, Danvers, MA, USA), total and phospho-ERK1/2 (Cell
Signaling), HO-1 (HSP32; Enzo Life Sciences), HSP70 (Enzo
Life Sciences, Farmingdale, NY, USA), a-smooth muscle actin
[oSMA; anti-actin o-smooth muscle antibody (Clone 1A4),
Sigma-Aldrich] and anti-GAPDH (Sigma-Aldrich). For HSF1
(Enzo Life Sciences) detection, proteins were isolated from
nuclear and cytoplasmic extracts similarly as described
(Schett et al., 1999), and protein content was normalized with
anti-GAPDH antibody for the cytoplasmic extract and
anti-transcription factor II D antibody (Santa Cruz, Dallas,
TX, USA) for the nuclear fraction. Autoradiographs were
quantified by densitometric scanning (Quantity One soft-
ware, Bio-Rad).
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Messenger RNA expression of selected genes was charac-
terized by semi-quantitative real-time RT-PCR with specific
primer sequences (Supporting Information) and Sybr Green
Real-Time PCR kit (Life Technologies) according to the manu-
facturer’s protocol. The 18S gene was used as endogenous
control, and results are expressed as fold changes and com-
pared with control untreated cultures according to the Pfaffl
method (Pfaffl, 2001).

Reactive oxygen species (ROS) measurement. H9c2 cells were
incubated for 60 min with 10 uM CM-H2DCFDA (Life Tech-
nologies) resuspended in DMEM without phenol (Life Tech-
nologies) in low serum, washed once in PBS and stimulated
with either vehicle (DMSO) or celastrol. ROS production was
measured by fluorescence acquisition using a microplate
reader (Victor 3V, Perkin Elmer, Waltham, MA, USA).

Viability assay. H9c2 cell death was induced in DMEM low
glucose (Life Technologies) with serum starvation and
hypoxic culture condition (<1% O,) in hypoxia chambers as
previously described (Noiseux et al., 2012). H9¢c2 were cul-
tured and treated with pathway inhibitors, followed by treat-
ment with celastrol as described above. After 48 h, cell
viability was assessed with the LIVE/DEAD Viability kit (Life
Technologies) according to the manufacturer’s protocol.
Digital pictures were taken from a fluorescent microscope
(IX71, Olympus, Center Valley, PA, USA), and results were
quantified using Image]J software (http://rsbweb.nih.gov/ij/).

In vivo studies

MI. All animal care and experimental protocols conformed
to the Guide for the Care and Use of Laboratory Animals and
were approved by the institutional animal care and use com-
mittee of the CHUM Research Center. All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010).

Thirty-one Sprague-Dawley rats all female (7-8-week-old;
CD CRL, Charles River, Senneville, QC, Canada) receiving
food and water ad libitum were anaesthetized with 2-4%
isoflurane (Abbott, Abbott Park, IL, USA) in 1 L-min™! of
oxygen. Bupivacaine (2 mg-kg™ s.c.) was injected at the site of
the chest incision and through a left parasternal incision, MI
was performed by a permanent occlusion of the left anterior
descending coronary artery at 4-5 mm from the tip of the left
auricle as described and blanching of the tissue confirmed
infarct (Noiseux et al., 2006). The suture was not ligated in
sham-operated animals, the chest cavity was closed, and
animals were extubated when spontaneous respiration
resumed (Der Sarkissian et al., 2008). All animals received
warm saline 5 mL-kg™ i.p., buprenorphine hydrochloride
(0.05 mg-kg! s.c. daily), carprophen (5 mg-kg™ s.c., daily for
2 days) and rats were closely monitored for vital signs and
signs of discomfort throughout the study.

Animal treatments. Myocardial infarcted and sham-operated
animals were randomly assigned to either vehicle or celastrol
group. Celastrol was administered at a dose of 1 mg-kg™ i.p.
daily for 14 days, with the treatment initiated within 3 h
following recovery from surgery. Experimental groups were
(i) sham surgery + vehicle (control sham, n = 6); (ii) sham
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surgery + celastrol (treated sham, n = 7); (iii) ligation surgery
+ vehicle (control ischaemia, n = 10); and (iv) ligation surgery
+ celastrol (treated ischaemia, n = 8). All animals survived the
surgical procedure and treatments. A separate group of rats
was injected i.p. with vehicle (n = 8) or celastrol (n = 8) as
described earlier without any surgical procedure for measure-
ment of cardiac protein expression after 12 h of treatment
and plasma concentration of HO-1 (1:2 dilution, EIA kit, Enzo
Life Sciences). In a pilot toxicity screening experiment,
another group of rats received saline (0.9% NaCl; n = 3),
vehicle (DMSO; n = 3) or celastrol (n = 4, 1 mg-kg™ i.p.) daily
for 14 days without any surgical procedure. Serum was col-
lected and analysed using the ADVIA 1800 analyser (Siemens,
Munich, Germany) for general markers useful in monitoring
health and safety of treatments [uric acid, creatinine, aspar-
tate aminotransferase (AST), alanine transaminase (ALT),
v-glutamyl transpeptidase (GGT), high-sensitivity troponin T
(TNT)] (Supporting Information). After 14 days, the rats were
killed, and the hearts, livers and kidneys were collected, pro-
cessed, and stained with standard histological protocols for
analysis by a pathologist (not shown).

Cardiac function assessment. Baseline (pretreatment) and 2
week echocardiographic assessments of left ventricular (LV)
anatomy and function were performed under 2% isoflurane
anaesthesia as previously described (Aceros etal., 2011;
Stabile etal., 2011) using a Sonos 5500 Imaging System
(Philips, Philips Healthcare, Andover, MA, USA) with a
12 MHz transducer. An M-mode tracing of the LV cavity
allowed measurements of LV end-diastolic and end-systolic
diameters (EDD and ESD respectively). Percentage of LV frac-
tional shortening (LVFS) was calculated as: %LVFS = (EDD —
ESD)/EDD x 100. LV end-diastolic volume (EDV) and end-
systolic volume (ESV) were calculated according to Teichholz
method: [7 x ESD?/(2.4 + ESD)] and [7 x EDD?/(2.4 + EDD)].
Percentage of LV ejection fraction (LVEF) was calculated as
%LVEF = (SV/EDV) x 100 where SV is the stroke volume (EDV
— ESV), and LV anterior wall (LVAW) measurements were
collected. All measures were acquired by the same experi-
enced observer, blinded to the treatment. For each measure-
ment, three to five representative cardiac cycles were analysed
and averaged.

Tissue collection and histological analysis. After 2 weeks of
treatment, animals were anaesthetized with pentobarbital
sodium (75 mg-kg™" i.p.), exsanguinated by perfusion with
normal saline supplemented with 40 mM KCl and hearts
were rapidly removed. Thick (2-3 mm) axial cross sections of
the LV immediately distal to the ligation were fixed in 10%
formalin and processed for paraffin embedding. The remain-
ing tissues were dissected according to infarct border and
remote viable regions of the LV and snap frozen in liquid
nitrogen for gene and protein expression studies.

Fibrotic area was evaluated on heart tissue sections
stained with Masson’s trichrome as described previously
(Noiseux et al., 2006; Nguyen et al., 2010). Digitized pictures
were analysed by planimetry, and fibrosis was expressed as
percentage of stained area over total LV. Macrophage infiltra-
tion was determined in ventricular cross sections stained
with macrophage F4/80 antibody (Thermo Fisher Scientific,
Ottawa, ON, Canada) with kits from Vector (Burlington, ON,
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Canada) (secondary antibody, the ABC kit followed by the
DAB kit). For each rat, all macrophages in five random pic-
tures in the peri-infarct area were counted, and results were
averaged and expressed as macrophages per field.

Finally, global cardiac damage index and all other histo-
logical scoring of tissue sections were generated by a patholo-
gist unaware of the experimental treatment groups. Briefly,
for the global cardiac damage index score, sections were given
a score from O (absent) to 4 (high) for the following histo-
pathological phenotypes measured in the infarct area: acSMA
content provided separately by blood vessels indicative of
neovascularization and by tissue indicative of myofibroblast
infiltration, fibrosis by Masson’s trichrome stain, collagen
and elastin content by Verhoeff stain, and macrophage infil-
tration by anti-CD68 antibody (ED1) stain. Scores were added
and results expressed as a global damage index.

Data analysis

Data are expressed as mean + SE or median with interquartile
range. Groups were compared using ANova with Tukey’s cor-
rection for multiple comparisons (or Dunnett’s correction if
groups were only compared with control) or Kruskal-Wallis
with Dunn’s correction, as appropriate. For repeated meas-
urements, paired t-tests or linear mixed-effect models were
used to compare groups (MIXED procedures in SAS software,
version 9.2; SAS Institute, Cary, NC, USA). Between-group
differences were assessed. Macrophage infiltration was ana-
lysed by unpaired t-test. For all analyses, P < 0.05 was con-
sidered statistically significant.

Results

Celastrol activates PI3K/Akt, ERK1/2
pathways dependent on ROS signalling
Preliminary experiments using celastrol in various cell types
ranging from 107 to 5 x 10° M showed rapid activation of
intracellular pathways, superior maintenance of cell viability
and peak expression of cytoprotective genes at 10° M dose
for 60 min (not shown). The 10°° M dose was selected for use
in all in vitro experiments. Celastrol treatment rapidly and
significantly increased ROS production in H9c2 cells com-
pared with untreated cells (P = 0.002 repeated measurements)
(Figure 1A). Celastrol demonstrated activation of kinase path-
ways with peak increase of phosphorylated Akt over total Akt
and phosphorylated ERK/total ERK compared with control
untreated H9c2 cells after 30 and 15 min respectively (not
shown). The observation that the celastrol-induced phospho-
rylations were sensitive to wortmannin (PI3K/Akt inhibitor),
PD98059 (ERK1/2 inhibitor) and the ROS scavenger NAC
demonstrated the role of ROS in mediating celastrol-induced
pathway activations (Figure 1B, C).

Celastrol induces a HSR: Implication of HSF1
transcription factor and ROS

A 60-120 min treatment of H9c2 cells with celastrol induced
the translocation of HSF1 protein from the cytoplasm to the
nuclear fraction indicative of its activation (Figure 2A).
RT-PCR highlighted a significant (all P < 0.001) increase in
HSP27 (3.6 + 0.9-fold), HSP32 (HO-1, 9.3 £ 2.0-fold), HSP60
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(3.1 £0.5-fold), HSP70 (14.4 £ 3-fold), HSP90al (HSP90o) (2.7
* 0.4-fold), HSP90ab1 (HSP90B) (2.4 + 0.2-fold), HSP105 (3.7
+ 0.8-fold) and VEGFa (1.6 = 0.1-fold) mRNA expression in
H9c2 cultures treated with 10°M celastrol for 60 min fol-
lowed by 3 h washout compared with controls (Figure 2B).
When submitted to hypoxia after treatment, control-treated
H9c2 showed no change in HSP expression, but a significant
1.7-fold increase (P = 0.003) in VEGF mRNA. However,
celastrol-treated cells in hypoxia showed further increased
mRNA expression for HSP32 (HO-1: 1.9-fold) and VEGF (1.7-
fold) compared with normoxic celastrol-treated cells (not
shown).

To confirm the presence of key HSPs at the protein level,
following a 60 min stimulation with celastrol and a washout
period extending until 24 h, significant peak increases of 2.5
* 0.3-fold for HSP70 (P = 0.002), 4.7 £ 0.9-fold for HSP32
(HO-1: P < 0.001) and 1.3 + 0.2-fold for HSP27 (P = 0.023)
expressions were observed compared with controls at 3 and
6 h following celastrol treatment (Figure 2C).

The role of ROS and HSF1 signalling in the expression
of major HSPs were investigated with pathway inhibitors:
PI3K/Akt (wortmannin,); ERK1/2 (PD98059); ROS scavenger
(NAC); and HSF1 inhibitor (Kribb11). Celastrol significantly
increased the protein expression of HSP70 and HSP32 (P <
0.001 vs. controls) (Figure 2D). Kribb11 and NAC blocked the
celastrol-increased expression of HSP70 and HSP32, but
no change was observed with wortmannin or PD98059
(Figure 2D). This suggests the importance of HSF1 activation
and ROS generation in the up-regulation of HSP70 and
HSP32.

Celastrol improves cell viability

under hypoxia

Celastrol concentration-dependently prevented cell death in
H9c2 exposed to hypoxia for 48 h (control: 29.4 + 3.9% vs.
celastrol 10°M: 17.4 £ 1.2%, P = 0.01) (Figure 3A, B). To
determine the signalling pathways involved in celastrol-
induced survival, experiments were repeated with celastrol
(10°*M) and corresponding inhibitors. The use of Kribb11
and HO-1 activity inhibitor (ZnPP-9) significantly prevented
survival in celastrol-treated cells, demonstrating the impor-
tant role of HSF1 and HO-1 signalling in the improved viabil-
ity after celastrol (Figure 3C).

In vivo daily celastrol treatment is

well tolerated

In vivo daily celastrol treatment (1 mg-kg™!, i.p.) continuously
for 14 days was well tolerated without any adverse events
observed. Biochemical analyses of plasma samples at days 1,
3, 7 and 14 showed no difference in uric acid, creatinine, AST,
ALT, GGT, TNT levels among all the treatment groups (saline,
vehicle (DMSO) or celastrol) (Supporting Information).
Moreover, histopathological analysis of the heart, liver and
kidneys of these rats showed no tissue damage or injury after
14 days of treatment (not shown).

Up-regulation of HO-1 protein expression in
the heart following systemic administration
of celastrol

Twelve hours following a single i.p. celastrol (1 mg-kg™)
injection, up-regulation of cardioprotective proteins were
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Figure 1

Celastrol activates PI3K/Akt and ERK1/2 pathways in H9c2 cultures dependent on ROS signalling. (A) ROS production was significantly increased
5-60 min after celastrol treatment compared with vehicle-treated H9c2 (P = 0.002 repeated measurements). Celastrol’s peak activation of (B)
pAkt/total Akt (30 min) and (C) pERK/total ERK (15 min) pathways is blocked by the corresponding inhibitors (wortmannin and PD98059) and
NAC (ROS scavenger). pAkt, phosphorylated Akt; pERK, phosphorylated ERK. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control or vehicle
respectively. TP < 0.05, 1P < 0.01 and f{{P < 0.001 versus celastrol in celastrol-treated cells.

detected in the heart of treated rats (n = 8) with overexpres-
sion of HSP32 (HO-1) compared with controls (n = 8) (P <
0.0001, Figure 4). Moreover, celastrol increased plasma con-
centration of HO-1 protein by 4.5-fold (control: 0.52 +
0.06 ng-mL™" vs. celastrol: 2.33 £ 0.93 ng-mL™", P = 0.05).

Celastrol reduces infarct and prevents adverse
remodelling in ischaemic rat myocardium

Coronary artery occlusion resulted in a relatively large infarct
as demonstrated by planimetric quantification of Masson’s
trichrome staining at the papillary muscle level (control
ischaemia: 23.9 £ 2.2% vs. control sham 2.1 + 0.4% and
treated sham 1.7 £ 0.3%; P < 0.001) (Figure 5A, B). Celastrol
treatment significantly reduced adverse remodelling as evalu-
ated by the presence of fibrosis in infarcted hearts by almost
50% (treated ischaemia: 13.0 + 1.2% vs. control ischaemia:
23.9 £ 2.2%; P < 0.001) (Figure 5A, B). Densitometric quanti-
fication of aSMA protein by Western blots of extracts of
sham-treated hearts showed no difference with treatment
(control sham: 0.30 + 0.08 vs. treated sham: 0.31 £ 0.11; not

significant). However, infarct border zone tissues showed a
sevenfold increase in oSMA content in control ischaemia
hearts, and a 37% significant attenuation with celastrol treat-
ment (control ischaemia: 2.05 + 0.25 vs. treated ischaemia:
1.18 £ 0.23; P = 0.017) (Figure 5C).

As oSMA is representative of myofibroblast infiltration
(Santiago et al., 2010), but is also expressed in vascular
walls, we analysed aSMA expressed by blood vessels and
myofibroblasts, separately, by high-resolution photographs
(Figure 5D). Analyses for blood vessel walls revealed no
change in vascular oSMA in the infarct border zones of cel-
astrol versus vehicle-treated ischaemic rat hearts (n = 5-6,
Figure 5E). Moreover, a separate scoring of a subgroup of
haematoxylin phloxine saffron (HPS)-stained heart tissue sec-
tions by a pathologist showed no difference in blood vessel
density (n = 5-6 animals) in the infarct border zones in
celastrol- or vehicle-treated ischaemic rat hearts (not shown).

However, aSMA of myofibroblast origin in ischaemic
tissue was significantly reduced by celastrol treatment (P <
0.05) demonstrating a significant reduction in myofibroblast
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Figure 2

HSR induced by celastrol in H9c2 cells leading to up-regulation of HSPs is dependent on HSF1 and ROS signalling. (A) Treatment of H9c2 cells
in vitro resulted in the nuclear translocation of the transcription factor HSF1. Representative Western blots for HSF1, GAPDH and transcription
factor Il D (housekeeping genes in cytoplasmic and nuclear fractions, respectively) following 10¢ M Celastrol treatment for 60 and 120 min. (B)
Real-time PCR quantifications of HSP27, HSP32 (HO-1), HSP60, HSP70, HSP90al (HSP90«x), HSP90ab1 (HSP90f), HSP105 and VEGF mRNA
expression in H9c2 treated with 107° M celastrol for 60 min followed by 3 h washout. CT values were normalized on 18S and results analysed by
Pfaffl method (primer sequences in Supporting Information). (C) Representative Western blot and quantification of HSP70, HSP32 and HSP27
proteins in H9¢2 cultures after treatment with 107 M celastrol for 60 min followed by 0, 3, 6, 12 and 24 h washout period. (D) Representative
Western blot of HSP32 (HO-1) and HSP70 proteins following treatment with 10" M celastrol for 60 min followed by 3 h washout. Celastrol
up-regulation of HSPs expression was blocked by HSF1 inhibitor (Kribb11) and ROS scavenger (NAC), but not PI3K/AKT (wortmannin) or ERK1/2
(PD98059) pathway inhibitors. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control or vehicle respectively. ¥P < 0.05 and f{{P < 0.001 versus
celastrol in celastrol-treated cells.

infiltration (Figure SE). TGF-B3, a key factor for fibroblast
differentiation into myofibroblasts, and collagen I and colla-
gen III mRNA, products from myofibroblasts involved in
tissue fibrosis, were significantly increased 2.4-, 2.3-, and 2.5-
fold, respectively, in the ischaemia border zone compared
with the non-ischaemic remote viable zone in control-treated
rats (all P < 0.05, Figure SF). Celastrol attenuated this increase
in TGF-B3 and collagen I expression in the ischaemia border
versus remote non-ischaemic zone, and the increased colla-
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gen III content in the ischaemia border zone was, however,
significantly reduced with celastrol compared with control-
treated rats (Figure SF).

Taking into consideration fibrosis, scar tissue formation,
inflammation, macrophage and myofibroblast infiltration,
a comprehensive histological examination using a global
damage index revealed that celastrol prevented adverse
cardiac remodelling (Figure 6A-D). Similarly, celastrol treat-
ment significantly reduced macrophage infiltration in the
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Table 1

Echocardiography parameters of rat hearts at baseline and following MI or sham surgery and treated with celastrol or vehicle for 14 days

Control sham (n = 6)

Treated sham (n =7) Control ischaemia (n = 10) Treated ischaemia (n = 8)

Baseline Day 14 Baseline Day 14 Baseline Day 14 Baseline DEVAE

LVEF (%) 83.8+16 79.6+1.7 84.4 + 2.1 828+1.6 84.6x0.7 48145 F 853+£09 656=+56**
LVES (%) 53.8+1.6 493%1.8 545+23 529%17 543+£08 259£29**F 552+£1.0 38.3 £ 4.0%**
LVAW (mm) 1.34 £0.04 1.53 £0.05*** 1.31£0.01 1.50+£0.14 1.39+0.05 1.04+£0.19** 1.39£0.04 1.33£0.09
EDD (mm) 5.97+£0.18 6.42+0.15 558+0.15 5.79+£0.16 549+0.12 7.93+0.27*** 542 +£0.11 6.90 £ 0.37***
ESD (mm) 2.77 £0.17 3.25%0.17 2.54+£0.15 2.75£0.17 251£0.07 5.93£0.38***F 243£0.09 4.35=%0.50***

*P < 0.05, **P < 0.01 and ***P < 0.001 versus respective baseline conditions. P < 0.05: § (baseline, day 14) control versus & (baseline, day

14) treated ischaemia.
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Figure 4

In vivo celastrol injection induces HO-1 expression in the rat heart.
Densitometric quantification of HSP70, HSP32 (HO-1) and phospho-
rylated Akt (pAkt)/total Akt protein expressions corresponding to
representative Western blot (n = 8 represented) in the rat heart at
12 h after single i.p. injection of vehicle (n = 8) or celastrol
(1 mg-kg™) (n = 8). ***P < 0.0001 versus control.

peri-infarcted area by 3.97-fold versus control treatment, sug-
gesting modulation of the inflammatory response following
the reduced infarct size (75.1 £9.9 vs. 18.9 + 4.4 macrophages
per field, P < 0.001) (Figure 7A,B).

Celastrol improves functional recovery of
infarcted heart

Echocardiography parameters were analysed according to
baseline value and intergroup & (baseline — day 14) compari-
sons as described (Nguyen et al., 2010; Aceros et al., 2011). At
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2 weeks, echocardiography analysis demonstrated that sham
procedure has no effect on LV cardiac function compared
with baseline as presented by LVEF (%) and LVFS (%)
(Table 1). Coronary artery ligation produced a large infarct
that significantly reduced LVEF (%) and LVES (%) in control
ischaemia and celastrol-treated ischaemia animals (P < 0.001
vs. baseline). Celastrol treatment significantly improved
cardiac functional recovery following MI with enhanced
LVEF (%) and LVFS (%) compared with control ischaemia
animals (P = 0.017 and P = 0.016 respectively). Compared
with baseline, the large MI resulted in a significant thinning
of LVAW in the control ischaemia animals (P = 0.004), which
was not observed in the celastrol-treated animals (P = 0.443).
Similarly, MI resulted in a significant LV dilatation at 2 weeks
compared with baseline in both control and celastrol-treated
ischaemia animals (all P < 0.001). However, celastrol treat-
ment significantly prevented ESD deterioration (P = 0.0193),
but attenuated EDD at 2 weeks (P = 0.059) (Table 1).

Discussion and conclusion

To our knowledge, the present study provides the first evi-
dence that celastrol confers cardioprotection against ischae-
mic injury both in vitro and in an animal model of MI in vivo.
Treatment of rat H9¢2 cardiomyoblasts with celastrol induced
a rapid ROS production as early as 5 min after exposure, and
treatment with the free radical scavenger NAC inhibited Akt
and ERK phosphorylation, suggesting that activation of these
pathways are dependent on ROS signalling. Indeed, ROS in
low concentrations serve as signalling molecules in ischaemic
conditioning (Sun, 2009) in a mechanism referred to as
‘redox or ROS signalling’ (Sorescu and Griendling, 2002), and
known to trigger activation of PKs (Daiber, 2010). Celastrol
prompted the nuclear translocation of the transcription
factor HSF1, resulting in a HSR through increased expression
of cytoprotective HSPs detected both at the mRNA and
protein level with maximal increase detected for HSP70 and
HSP32 (HO-1). HSP32 or HO-1 is part of a protective mecha-
nism expressed in response to various stimuli that are asso-
ciated with oxidative stress and inflammation, and evidence
points to HO-1 as one of the most important cardioprotective
proteins (Dawn and Bolli, 2005). NAC and Kribb11 inhibitor
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Celastrol reduces infarct size, aSMA deposition by myofibroblasts, and reduces up-regulation of TGF-B3, collagen | and Il genes in the ischaemic
infarct border zone at 14 days. (A) Representative digitalized pictures of Masson’s trichrome-stained ventricular sections after 2 weeks, where blue
areas indicate fibrotic infarcted myocardium. Scale bar = 0.25 cm. (B) Planimetric quantifications of fibrosis (blue areas stained by Masson'’s
trichrome over total LV area in percentage) demonstrated a reduction of the infarcted area in the celastrol-treated animals. (C) Histogram of
densitometric quantification of aSMA protein expressions in viable and infarct border zone with corresponding representative Western blot. (D)
Representative immunohistological staining to detect aSMA in infarct border zone demonstrating important tissue infiltration by myofibroblasts
(red) in Control animals compared with celastrol-treated animals. Scale bar = 0.025 mm. (E) Score provided separately for immunohistological
staining of aSMA accounting for blood vessels and myofibroblast demonstrated that celastrol significantly reduced myofibroblast infiltration in
infarcted tissue. Data expressed as box plot for quartile range and median representation, and whiskers identifying smallest and largest values. (F)
Real-time PCR expression of TGF-f3, collagen I and Il mRNA in the non-ischaemic remote and infarcted border area for vehicle and celastrol-
treated animals. *P < 0.05, ***P < 0.001 versus sham animals or non-ischaemic remote areas, respectively. TP < 0.05, T{{P < 0.001 versus control
treatment in ischaemia animals or ischaemia border area in control-treated animals.
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Celastrol reduces global tissue damage in the infarcted myocardium at 14 days. Representative pictures of histological sections of infarct area of
rats treated with control or celastrol (1 mg-kg™) for 2 weeks. Sections are stained with (A) Masson'’s trichrome, scale bar = 0.025 mm); (B) Verhoeff
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respective sham animals.

significantly reduced HSP overexpression, providing evidence
that both ROS and HSF1 are important mediators of the
celastrol-induced HSR leading to HO-1 signalling. Similar to
our data, Seo et al. recently showed that celastrol-induced
expression of HO-1 was mediated by ROS signalling in
human keratinocytes (Seo et al., 2011).

Celastrol treatment of H9c2 exposed to hypoxic and
serum starvation conditions mimicking the MI environment
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dose-dependently reduced cell death. Importantly, functional
analysis with inhibitors revealed the importance of HSF1 and
HO-1, but not PI3K/AKT and ERK1/2 pathways, as key effec-
tors of the cytoprotective HSR induced by celastrol. Interest-
ingly, increased expression of HO-1 with a 1h celastrol
treatment observed in our study was further elevated when
cultures were submitted to hypoxia until 24 h (not shown),
which suggests the effectiveness of celastrol in sensitizing and
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Celastrol reduces macrophage infiltration in the infarcted myocar-
dium at 14 days. (A) Representative histological sections of infarct
area of four different rats treated with control or celastrol (1 mg-kg™)
for 2 weeks. Sections are stained with F4/80 macrophage antibody.
Scale bar =0.03 mm. (B) Histogram of macrophage infiltration in the
infarct area. For each rat, all macrophages in five randomly chosen
pictures in the infarct area were counted and results were averaged
and expressed as macrophages per sampling field. ***P < 0.001
versus control.

sustaining a therapeutic effect in cells exposed to hypoxic
condition. This said, as ERK1/2 and Akt/PI3K pathways are
recognized as transducers of anti-apoptotic signals and
involved in the early phase of ischaemic conditioning, it is
possible that the in vitro experimental model of continuous
hypoxic stress in low-glucose environment without reoxy-
genation, could not highlight the importance of these path-
ways, as published by Liu efal. using an ischaemia/
reperfusion model (Liu et al., 2012). However, Hillion et al.
reported that oxygen and glucose deprivation could tran-
siently activate Akt, and pharmacological blockade of the
PI3K/Akt pathway could induce ischaemia tolerance and
reduce cell death (Hillion et al., 2006). Also Hamilton et al.
reported that inhibition of Akt and p38 MAPK activities led to
decreased apoptosis compared with hypoxia alone (Hamilton
et al., 2012). Therefore, the role of Akt and ERK as mediators
of anti-apoptotic signalling may be model- and/or cell type-
dependent, and may be only marginal in our observed
findings, with cell survival largely dependent on the
up-regulation of HO-1 expression through ROS and HSF1
signalling.

Celastrol as a novel drug to treat Ml

In the rat heart, up-regulation of HO-1 was demonstrated
12 h after in vivo celastrol treatment of non-infarcted rats,
confirming the mechanism observed with in vitro experi-
ments at the whole organ level. Interestingly, overexpression
of the cardioprotective protein HO-1 was also detected in the
plasma of celastrol-treated rats, suggesting systemic response
and possible beneficial effects on various organs. Administra-
tion of celastrol initiated immediately after the onset of MI
was effective in improving cardiac function, and preventing
anterior wall thinning and LV enlargement. Moreover, celas-
trol reduced infarct size, myofibroblast infiltration, and mac-
rophage influx. Inmunohistological analyses revealed a clear
dichotomic pattern between celastrol-treated and control
animals. The global damage score, which takes into account
late inflammation with CD68 (macrophage marker), scar
tissue formation from aSMA, Masson’s trichrome and Verho-
eff’s stainings, highlighted a striking reduction in overall
score with celastrol treatment. Analysis of oSMA immu-
nostaining demonstrated a clear reduction of myofibroblast
infiltration in the celastrol treatment group, but no change in
blood vessel formation in the ischaemic tissue.

TGF-B is the most important regulator of the fibrotic
response after MI and modulates the proliferation, migration
and differentiation of fibroblasts into myofibroblasts express-
ing de novo high level of aSMA. Activated myofibroblasts are
responsible for the production and deposition of collagen
types I and III (Grotendorst et al., 2004), leading to the estab-
lishment of a dense extracellular matrix found in the healing
and remodelling process following MI. In our experimental
model, ischaemic injury increased TGF-f3 and collagen expres-
sion in ischaemic and remote areas, but celastrol attenuated
TGF-B3 and collagen types I and III gene up-regulation in the
infarcted border zone compared with non-ischaemic remote
area. Together, our results tie in the reduced damage and
fibrotic responses measured in the infarct border zone of
celastrol-treated rats and suggest that following ischaemia,
celastrol reduced cardiomyocyte loss, lead to improved
cardiac wound healing, reduced early tissue damage and
adverse myocardial remodelling.

Celastrol is recognized as one of the most promising
medicinal molecules isolated from plant extracts (Salminen
et al., 2010) with beneficial effects in the treatment of differ-
ent forms of neurodegenerative and autoimmune diseases, as
well as inflammatory conditions (Allison et al., 2001; Pinna
et al., 2004). In a model of rat acute brain ischaemic injury, Li
et al. demonstrated that a single i.p. injection of celastrol
reduced neurological deficit and brain infarct size at 24 h (Li
etal.,, 2012). Yu et al. reported the beneficial effects of celas-
trol on myocytes size in hypertensive rats (Yu et al., 2010),
and Chu et al. (2014) demonstrated that celastrol reduced rat
kidney ischaemia-reperfusion injury, which was associated
with reduced local NF-xB activation, TNF, ILs and inflamma-
tion. Similar to our observations, Chow et al. demonstrated
that, as opposed to classical heat shock treatment, 10° M
celastrol induced HSP27, HO-1 and HSP70 in mature brain
cortical cultures (Chow etal., 2012), and reduced in vivo
neuropathological features of Alzheimer’s disease (Paris
et al., 2010). Finally, the pharmacokinetic properties of celas-
trol in rats have been published (Wang et al., 2008; Zhang
etal., 2012), and systemic administration of 1 mg-kg™' dose
provided a plasma concentration of 0.05 pg-mL™" (0.1 pM
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nucleus where it binds as a trimer to HSR elements in gene promoters and drives transcriptional activation of HSPs leading to cytoprotection.

equivalent) with excellent linearity over several hours. Inter-
estingly, the mg-kg™' in vivo dose used in the present study is
also in range with the optimal dose for in vitro viability of
<1 uM used in our experiments and published by others
(Hansen et al., 2011).

Celastrol, is considered a modulator of the activity of
HSP90, which is one of the most abundant proteins in the
cytoplasm playing an essential role in many cellular processes
and signalling pathways (Jackson, 2013). HSP90 is required
for maturation and activation of a number of key cellular
proteins, called ‘clients’, enabling their appropriate folding,
stabilization, transportation and even degradation. The
number of identified HSP90 clients has increased dramati-
cally in recent years and the list contains most importantly
kinases and transcription factors, including Akt, MAPK and
HSF1, many of which are important in controlling cell
growth, proliferation, differentiation and survival (Taipale
et al., 2010). Under ‘normal’ conditions, HSF1, the key regu-
lator of HSR, exists in a repressed non-trimeric state associ-
ated with its chaperon inhibitor HSP90 (Westerheide et al.,
2004). Upon stress or activation, HSF1 undergoes relocaliza-
tion in the nucleus, and binds to heat shock promoter ele-
ments resulting in the coordinated elevated transcription of
cytoprotective HSPs.

Earlier studies from other groups, together with our find-
ings, suggested that the conditioning pathways activated by
celastrol may be explained by its ability to modulate HSP90
activity. In fact, celastrol was shown to disrupt HSP90 and
essential cofactor complex detrimental to HSP90’s activity
(Zhang et al., 2008; 2009; Sreeramulu et al., 2009; Chadli
et al., 2010), thereby modifying the activity and signalling of
its client proteins. The induction of disruptive conforma-
tional change induced by HSP90 inhibitors will provoke the
release of client proteins that will eventually be degraded
(Blagg and Kerr, 2006). Moreover, our findings, in line with
others, showed that celastrol increased ROS formation (Chen
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etal., 2011). This may disrupt the HSP90 chaperone activity
(Sarkar et al., 2013) and/or solicit HSP90 in the maintenance
of protein homeostasis resulting with HSP90 competing
between protein stabilization and its client proteins. The
latter being released in the cytoplasm may further participate
to intracellular signalling processes. Overall, celastrol may
activate signalling pathways similar to ischaemic/thermal
conditioning by direct mechanisms involving conforma-
tional changes of HSP90 complex and/or indirect mechanism
by generation of ROS, which will result in the release of
clients from HSP90 complex and trigger survival signalling
pathways leading to a HSR (Figure 8).

In conclusion, this study provides evidence that celastrol
exerts a cardioprotective effect in the context of MI, and may
act as an infarct-sparing pharmacological agent. Our studies
with cardiomyoblasts show that celastrol can mimic
ischaemic/thermal conditioning and promote cell survival
through activation of HSF1 with up-regulation of HO-1 as key
effector in cellular survival. Celastrol’s efficacy in reducing
early cardiac injury could benefit the repair process, and
thereby represent a new treatment perspective for patients
suffering from ischaemic heart disease.

Limitations

As a surrogate for primary cells, we used the H9c2 rat cardio-
myoblast cell line, which have the advantage of being a
well-characterized and validated model mimicking primary
cardiomyocytes in vitro (Zordoky and El-Kadi, 2007; Watkins
et al., 2011). H9¢2 cells are extensively used for investigating
myocardial damage and cardiomyopathies, and using a
similar approach to ours, Sun efal. recently reported the
effects of ginsenoside in ischaemia/reperfusion-induced apo-
ptosis in H9c2 cells with extensive investigation of signalling
pathways (Sun et al., 2013). Celastrol was injected within 3 h



post-infarction, which would be suitable for the human
applicability in the clinical setting of an acute MI without
reperfusion, thus presenting celastrol as a valuable treatment
for ischaemic post-conditioning for cases of reperfusion
therapy failure. Of note, the in vivo study validated our in vitro
findings using cultured H9¢2 cardiomyoblasts without reoxy-
genation. It would be interesting to speculate similar benefi-
cial effect of celastrol in the myocardial ischaemia/
reperfusion model.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

http://dx.doi.org/10.1111/bph.12838

Figure S1 Two weeks in vivo celastrol treatment shows no
difference for general biochemistry markers monitoring liver,

Celastrol as a novel drug to treat Ml

kidney and heart health. Celastrol (1 mg-kg™" per day) was
injected daily i.p. in rats for 2 weeks, and compared with
saline (0.9% NacCl) or vehicle (DMSO) injections. Serum bio-
chemistry showed no difference for general markers useful in
monitoring liver, kidney and heart health. N = 3-4 animals
per group. Repeated measures aNova and aNova followed by
Bonferroni correction for each time point.

Table S1 Real-time PCR primer sequences.
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