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ORIGINAL RESEARCH

Celastrol Attenuates Angiotensin II–Induced 
Cardiac Remodeling by Targeting STAT3
Shiju Ye,* Wu Luo,* Zia A. Khan,* Gaojun Wu, Lina Xuan, Peiren Shan, Ke Lin, Taiwei Chen, Jingying Wang, Xiang Hu,  
Shengjie Wang, Weijian Huang , Guang Liang

RATIONALE: Excessive Ang II (angiotensin II) levels lead to a profibrotic and hypertrophic milieu that produces deleterious 
remodeling and dysfunction in hypertension-associated heart failure. Agents that disrupt Ang II–induced cardiac dysfunction 
may have clinical utility in the treatment of hypertension-associated heart failure.

OBJECTIVE: We have examined the potential effect of celastrol—a bioactive compound derived from the Celastraceae family—
on Ang II–induced cardiac dysfunction.

METHODS AND RESULTS: In rat primary cardiomyocytes and H9C2 (rat cardiomyocyte-like H9C2) cells, celastrol attenuates Ang 
II–induced cellular hypertrophy and fibrotic responses. Proteome microarrays, surface plasmon resonance, competitive binding 
assays, and molecular simulation were used to identify the molecular target of celastrol. Our data showed that celastrol directly 
binds to and inhibits STAT (signal transducer and activator of transcription)-3 phosphorylation and nuclear translocation. Functional 
tests demonstrated that the protection of celastrol is afforded through targeting STAT3. Overexpression of STAT3 dampens the 
effect of celastrol by partially rescuing STAT3 activity. Finally, we investigated the in vivo effect of celastrol treatment in mice 
challenged with Ang II and in the transverse aortic constriction model. We show that celastrol administration protected heart 
function in Ang II–challenged and transverse aortic constriction–challenged mice by inhibiting cardiac fibrosis and hypertrophy.

CONCLUSIONS: Our studies show that celastrol inhibits Ang II–induced cardiac dysfunction by inhibiting STAT3 activity.

VISUAL OVERVIEW: An online visual overview is available for this article.

Key Words:  angiotensin II ◼ heart failure ◼ hypertension ◼ molecular targeted therapy ◼ signal transducer and activator of transcription 3

Hypertension is the leading cause of heart failure and 
cardiovascular comorbidities in developed coun-
tries. Hypertensive heart disease is associated with 

adverse cardiac structural and functional remodeling, 
which ultimately leads to heart failure.1 Diastolic dysfunc-
tion characterized by ventricular filling abnormalities is 
believed to represent an early and important pathophysi-
ological step between hypertension and heart failure.2 
This is supported by the observation that nearly half of all 
patients with hypertension exhibit some evidence of dia-
stolic dysfunction.3 These functional deficits are brought 

upon by a plethora of factors, such as apoptosis of car-
diomyocytes, adaptive ventricular remodeling, interstitial 
fibrosis, and disturbances in calcium handling.4

The role of the RAAS (renin-angiotensin-aldosterone 
system) in many cardiovascular disorders is well estab-
lished. The octapeptide Ang II (angiotensin II) is the 
primary mediator of the RAAS system.5 Studies have 
shown that Ang II induces an inflammatory phenotype in 
cardiomyocytes6 and leads to cellular hypertrophy7 and 
increased deposition of matrix proteins.8 Furthermore, 
inhibiting Ang II has been shown to prevent cardiac 
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hypertrophy and fibrosis.9 Adverse cardiac effects appear 
to be generated through AT1 (Ang II receptor type 1).10 
Recent studies show that AT1 receptor may activate 

JAK (janus kinase)/STAT (signal transducer and activa-
tor of transcription),11 although the exact mechanism is 
unknown. Chronic activation of the STAT signaling path-
way has been implicated in heart failure.12 Therefore, 
detailed understanding of these mechanisms and agents 
regulating Ang II–induced alterations in the heart may 
prove to be clinically invaluble for the treatment of hyper-
tensive heart failure.

Celastrol is a robust bioactive compound derived from 
Tripterygium wilfordii, Celastrus orbiculatus, and others that 
belong to the Celastraceae family.13 Celastrol is widely used 
in China and other Asian countries for a number of indica-
tions, including chronic inflammatory and immunity disor-
ders.13 Although the mechanisms underlying these effects 
are not fully known, studies have shown involvement of 
nuclear factor-κB14 and JAK/STAT pathway.15 Recently, 
celastrol was shown to reduce cardiac fibrosis resulting 
from transverse aortic constriction (TAC) in mice.16 Celas-
trol also inhibited cardiac fibrosis and infarct size in rats 
following permanent coronary artery occlusion.17 Despite 
these promising results, the underlying mechanisms have 
not been identified. Furthermore, the activity of celastrol 
has not been tested in Ang II–induced cardiac remodeling.

In this study, we have investigated the effect of celas-
trol on Ang II–induced cardiomyocyte remodeling by uti-
lizing H9C2 (rat cardiomyocyte-like H9C2) cells, as well 
as primary cardiomyocytes. We also challenged mice 
with Ang II to examine the protective effects of celastrol. 
Our studies show that celastrol prevents Ang II–induced 

Nonstandard Abbreviations and Acronyms

β-MyHC	 β-myosin heavy chain
Ang II	 angiotensin II
AT1	 Ang II receptor type 1
Bio-Celastrol	 biotin-labeled celastrol
CCD	 coiled-coil domain
Cy3-SA	 Cy3-conjugated streptavidin
ERK	 extracellular signal-regulated kinase
IL-1R	 interleukin-1 receptor
IL-6	 interleukin-6
JAK	 janus kinase
KPNA3	 importin-α3
PLC	 phospholipase C
Prdx	 peroxiredoxin
RAAS	� renin-angiotensin-aldosterone system
rhSTAT3	 recombinant human STAT3
S3I	 S3I-201
STAT	� signal transducer and activator of 

transcription
TAC	 transverse aortic constriction
TGF-β1	 transforming growth factor-β1

Novelty and Significance

What Is Known?
•	 Angiotensin II induces an inflammatory phenotype in 

cardiomyocytes and leads to cellular hypertrophy and 
increased matrix protein deposition.

•	 Angiotensin II mediates cardiac injury, in part, through 
activating the JAK (janus kinase)/STAT (signal trans-
ducers and activators of transcription), downstream of 
AT1 (angiotensin type 1 receptor).

•	 Celastrol was shown to reduce cardiac fibrosis in 
experimental models of cardiac injury and failure.

What New Information Does This Article  
Contribute?
•	 Celastrol prevents Angiotensin II–induced cardiac 

hypertrophy and fibrosis by directly binding to and sup-
pressing STAT3 tyrosine phosphorylation and nuclear 
translocation.

•	 Celastrol is effective in reducing the levels of activated 
STAT3, both before and after angiotensin II increase.

•	 Inhibitory activity of celastrol on STAT3 is independent 
of upstream signaling proteins, including AT1, JAK2, 
and other cytokine receptors.

In experimental models of cardiac failure, celastrol—
a bioactive compound from Celastrus orbiculatus—has 
been shown to suppress fibrosis and hypertrophy. The 
exact underlying mechanisms, however, have not been 
defined. In this work, we identified the protein target of 
celastrol. We show that celastrol directly binds to and 
suppresses the activity of STAT3. Our studies impli-
cate both SH2 (sarcoma gene homology domain) and 
coiled-coil domain of STAT3 as binding sites for celas-
trol, leading to reduced STAT3 tyrosine phosphoryla-
tion and nuclear translocation, respectively. Inhibition 
of STAT3 by celastrol also prevents the induction of 
STAT3 target genes including transforming growth 
factor-β1, collagen I, and myosin heavy chain. Finally, 
our studies show that celastrol prevents structural 
and functional deficits in both angiotensin II–induced 
and constrictive/occlusive models of cardiac failure, 
by targeting STAT3. Our data support the therapeu-
tic potential of celastrol in targeting STAT3 for cardiac 
dysfunction and failure.
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cardiomyocyte hypertrophy and matrix protein deposi-
tion. These findings were confirmed in mice challenged 
with Ang II, as well as in the TAC model. We have also 
discovered that celastrol provides these cardioprotective 
effects by binding to and inhibiting STAT3.

METHODS
Detailed experimental procedures, mouse models of cardiac 
dysfunction, and cell culture are described in Materials in the 
Data Supplement. Please see the Major Resources Table in 
the Data Supplement. Primers for real-time quantitative poly-
merase chain reaction (qPCR) assay are presented in Table I in 
the Data Supplement.

Data Availability
All other data are included within the article or the Data 
Supplement or available from the authors on request.

RESULTS
Celastrol attenuates Ang II–induced matrix protein pro-
duction and hypertrophic remodeling in cardiomyocytes.

We exposed rat primary cardiomyocytes and H9C2 
cells to Ang II and found elevated levels of hypertrophy 
marker18 β-MyHC (β-myosin heavy chain; Figure  1A; 
Figure IA in the Data Supplement). These elevated levels 
remained for up to 36 hours. Based on a cell viability 
assay of celastrol at the 24-hour time point (Figure IB in 
the Data Supplement), we selected celastrol concentra-
tions of 0.25, 0.5, and 1 nmol/L to assess its effects in 
cardiomyocytes. Ang II significantly increased the mRNA 
levels of β-MyHC, collagen I, and TGF-β1 (transforming 
growth factor-β1) in both primary cardiomyocytes and 
H9C2 cells, while pretreatment with celastrol inhibited 
Ang II–induced expression of these genes (Figure 1B; 
Figure IC in the Data Supplement). We also found that 
treatment with 1 nmol/L celastrol alone for 24 h did 
not change the levels of these proteins in H9C2 cells 
(Figure ID in the Data Supplement). Western blot assay 
showed dose-dependent inhibition of celastrol against 
Ang II–induced β-MyHC and TGF-β1 expression in 
primary cardiomyocytes (Figure  1C; Figure IE in the 
Data Supplement). Similar results were obtained in rat 
primary cardiac fibroblasts (Figure 1D; Figure IF in the 
Data Supplement). Furthermore, treatment of cells with 
celastrol 1 hour after exposure to Ang II also prevented 
the induction of β-MyHC, collagen I, TGF-β1, and TGF-
β2 in primary cardiomyocytes (Figure IIA in the Data 
Supplement). Surprisingly, this reversal of hypertrophic 
changes by celastrol was seen even when celastrol was 
administered after 12 hours following exposure to Ang 
II (Figure IIB in the Data Supplement). These results 
show that cells preconditioned with celastrol or treated 
with celastrol after Ang II exposure respond similarly by 
reducing the levels of β-MyHC, collagen I, and TGF-β1. 

To build on these findings, we performed rhodamine 
phalloidin staining of primary cardiomyocytes (Fig-
ure 1E; Figure IID in the Data Supplement) and H9C2 
cells (Figure IIC and IIE in the Data Supplement) and 
show that celastrol decreases Ang II–induced cell size 
increase in cardiomyocytes. These results suggest that 
celastrol reduces Ang II–induced matrix protein expres-
sion and hypertrophy in cultured cardiomyocytes.

Identification of STAT3 as a Direct Celastrol-
Binding Protein
To identify the molecular mechanism by which celastrol 
prevents Ang II–induced hypertrophy and fibrogenic 
gene expression, we screened for potential celastrol-
binding proteins. To do this, we used biotin-labeled 
celastrol (Bio-Celastrol; Figure 2A) and assayed for the 
binding of celastrol to recombinant proteins fabricated 
on HuProt human protein microarray. Bio-Celastrol 
retains functional activity as can be seen by its inhibi-
tion of Ang II–induced fibrogenic gene expression in 
H9C2 cells (Figure III in the Data Supplement). Fol-
lowing Bio-Celastrol or free biotin incubation, binding 
was detected using Cy3-SA (Cy3-conjugated strep-
tavidin; Figure  2B and 2C). We then calculated the 
signal-to-noise ratio, which was defined as the ratio of 
the foreground value and the background value. Clus-
ter analysis was performed using the STRING software 
and showed that the celastrol preferably binds to Prdx 
(peroxiredoxin) proteins, Vps27-Hrs-STAM domain–
containing proteins, and STAT proteins (Figure  2D). 
Transcriptome analysis showed that mRNAs of these 3 
protein families are abundant in rat heart tissues, H9C2 
cells, mouse heart tissues, and mouse cardiomyocytes 
(Figure IV in the Data Supplement).

Prdx are a ubiquitous family of cysteine-dependent per-
oxidase enzymes that regulate peroxide levels in cells.19 
Recent studies have shown robust expression of Prdx pro-
teins in heart tissues, though their cardiac functions are 
poorly understood.20 We, therefore, tested whether Prdx 
proteins are involved in Ang II–induced extracellular matrix 
production and hypertrophic changes in cardiac cells. We 
silenced Prdx1 and Prdx2 in H9C2 cells and primary car-
diomyocytes and then challenged the cells with Ang II. Our 
results showed that Prdx1/2 knockdown did not alter Ang 
II–induced matrix protein production as well as the induc-
tion of β-MyHC (Figure V in the Data Supplement). These 
results suggest that Ang II–induced hypertrophic and 
fibrotic changes in the heart may be independent of Prdx 
alteration. The results also point to a Prdx-independent 
mechanism of the inhibitory activity of celastrol on Ang 
II–induced changes in cardiac cells.

Although Vps27-Hrs-STAM domain–containing 
proteins were also identified in our protein microar-
ray assay, studies to date show that Vps27-Hrs-STAM 
proteins, such as Tom1  (target of Myb protein 1), 
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Tom1L2  (TOM1-like protein 2), GGA1  (golgi-local-
ized, gamma ear-containing, ARF-binding protein 1), 
GGA2  (golgi-localized, gamma ear-containing, ARF-
binding protein 2), and HGS  (hepatocyte growth fac-
tor-regulated tyrosine kinase substrate), function as 
adaptor proteins in regulating protein sorting in post-
Golgi compartments.21,22 There is also limited informa-
tion on whether these proteins play a role in cardiac 
remodeling and in Ang II–induced cellular changes. 
However, of the potential celastrol-binding proteins, 
STAT3 piqued our interest as it has been shown to play 
a pivotal role in protecting cardiomyocytes23,24 as well 

as mediating hypertrophy and remodeling upon abnor-
mal activation.25,26 In addition, STAT3 mRNA showed a 
higher level than STAT4 and STAT5 mRNAs in cardiac 
cells and rodent hearts (Figure IV in the Data Supple-
ment). STAT3 binding in our assay also produced a 
robust signal-to-noise ratio of 3.95 (Figure  2E), sug-
gesting that celastrol may mediate activities in car-
diomyocytes by regulating STAT3. To validate the 
interaction of celastrol with STAT3 protein, we used 
surface plasmon resonance to evaluate the interac-
tion at the molecular level. We observed that celastrol 
interacted with rhSTAT3 (recombinant human STAT3) 

Figure 1. Celastrol attenuated Ang II (angiotensin II)–induced cardiomyocyte hypertrophy and fibrosis.
A, Time course of β-MyHC (β-myosin heavy chain) induction in response to Ang II in rat primary cardiomyocytes. Cells were exposed to 1 µmol/L 
Ang II for up to 36 h. Total proteins were extracted and subjected to analysis of β-MyHC protein levels. GAPDH was used as loading control. B, 
Real-time quantitative polymerase chain reaction analysis of β-MyHC, TGF-β1 (transforming growth factor-β1), and collagen-1 mRNA levels in 
primary cardiomyocytes. Cells were pretreated with celastrol or dimethyl sulfoxide (DMSO) vehicle for 1 h and then stimulated with 1 µmol/L 
Ang II for 6 h. C and D, Rat primary cardiomyocytes (C) and cardiac fibroblasts (D) were pretreated with increasing concentrations of celastrol 
(DMSO used as control) for 1 h and then stimulated with 1 µmol/L Ang II for 24 h. Cell lysates were probed for β-MyHC, collagen I, and TGF-β1 
by Western blot analysis. GAPDH was used as loading control. E, Rhodamine phalloidin staining of primary cardiomyocytes showing the effect 
of celastrol on Ang II–induced hypertrophic responses. Cells were treated as in C. Slides were counterstained with DAPI (4',6-diamidino-2-
phenylindole). Lower Right, Quantification of cell size ([A–E] n=5; 1-way ANOVA followed by Tukey post hoc tests [number of comparisons, 10]. 
Adjusted P values were provided in case of multiple groups).

D
ow

nloaded from
 http://ahajournals.org by on June 21, 2022



Original Research
Ye et al� Celastrol Protects Hearts by Targeting STAT3

Circulation Research. 2020;126:1007–1023. DOI: 10.1161/CIRCRESAHA.119.315861� April 10, 2020    1011

Figure 2. Identification of celastrol-binding proteins.
A, Chemical structure of celastrol and biotin-labeled celastrol (Bio-Celastrol). B, Schematic showing steps for identifying celastrol-binding 
proteins using microarrays fabricated with recombinant human proteins. C, Representative image of protein array showing positive (red arrow) 
and negative control (blue arrow) spots, as well as spots for STAT (signal transducers and activators of transcription)-3 (yellow arrow). D, Cluster 
analysis showing preferred binding partners of celastrol. Data show peroxiredoxin, Vps27-Hrs-STAM (VHS) domain–containing, and STAT protein 
families as top targets of celastrol. E, Magnified image of Bio-Celastrol binding to STAT3 spot on the protein array. Signal-to-noise ratio (SNR) 
is shown. F, Surface plasmon resonance (SPR) analysis showing direct interaction between celastrol and STAT3. Association and dissociation 
constants derived from data from 5 separate experiments (mean values shown). G, ELISA assay to determine celastrol binding to STAT3. rhSTAT3 
(recombinant human STAT3) was captured by antibody coated on plates. Bio-Celastrol was then added at increasing concentrations. Label-free 
celastrol was added to determine whether it competes with the Bio-Celastrol (n=5; 1-way ANOVA followed by Tukey post hoc tests [number of 
comparisons, 28]. Adjusted P values were provided in case of multiple groups).
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protein with a KD (the equilibrium dissociation con-
stant)  of 15.73 µmol/L (Figure  2F). To confirm this 
interaction, we used an ELISA-based system in which 
we captured rhSTAT3 and added Bio-Celastrol. Binding 
was then determined by streptavidin-horseradish per-
oxidase. Our results show that Bio-Celastrol interacts 
with rhSTAT3 and this interaction can be competitively 
inhibited by label-free celastrol (Figure 2G).

Binding Modes of Celastrol to STAT3 Protein
We then determined whether celastrol binds to STAT3 
in cell and tissue lysates using biotinylated protein inter-
action pull-down assays. Bio-Celastrol was added to 

streptavidin-agarose beads, and lysates from H9C2 cells 
and mouse heart tissues were added. Our results show 
that Bio-Celastrol binds to STAT3 protein in lysates from 
both H9C2 cells and mouse heart tissues (Figure  3A 
and 3B). Interestingly, probing for upstream signaling 
proteins known to associate with STAT3, IL-1R (inter-
leukin-1 receptor), and JAK2 did not show interaction 
with celastrol (Figure 3C). These results further validate 
that celastrol directly binds STAT3 but not upstream 
mediators.

To understand where in STAT3 protein celastrol may 
interact, we conducted a molecular docking and simulation 
study using the crystal structure of STAT3 (PDB:1BG1). 
The SH2 (sarcoma gene homology domain) domain and 

Figure 3. Celastrol binds STAT (signal transducers and activators of transcription)-3 protein.
A and B, biotinylated celastrol (Bio-Cel) was added to streptavidin-agarose beads and incubated. Biotin alone was used as a control. Lysates 
prepared from H9C2 (rat cardiomyocyte-like H9C2) cells (A) and mouse heart tissues (B) were added to the streptavidin-agarose beads 
with Bio-Cel. Eluent was then loaded on a polyacrylamide gel for Western blot analysis. Total lysates were used as an input control. C, Lysates 
prepared from primary cardiomyocytes were examined for celastrol binding to JAK (janus kinase)-2, STAT3, and IL6Rα (interleukin-6 receptor 
α) using pull-down assay described in A. D and E, Box plot of the per-residue decomposition energy of 5 key residues (left) and details of the 
binding pose of celastrol with the lowest binding energy (right) are shown for celastrol–coiled-coil domain (D) and celastrol-SH2 (sarcoma 
gene homology domain; E). The carbon atoms of 5 key residues side chain and celastrol are represented as transparent green sticks and yellow 
sticks, respectively. F, HEK-293 (human embryonic kidney 293) cells were transfected with WT (wild type) STAT3 or mutant STAT3 (L207A; 
Q635A/V637A, respectively). Lysates were added to pull-down assays to detect celastrol binding using pull-down assay described in A. Right, 
Densitometric quantification data (n=3; 1-way ANOVA followed by Tukey post hoc tests [number of comparisons, 3]. Adjusted P were provided in 
case of multiple groups).

D
ow

nloaded from
 http://ahajournals.org by on June 21, 2022



Original Research
Ye et al� Celastrol Protects Hearts by Targeting STAT3

Circulation Research. 2020;126:1007–1023. DOI: 10.1161/CIRCRESAHA.119.315861� April 10, 2020    1013

coiled-coil domain (CCD) are 2 well-studied domains 
for designing or screening of STAT3 inhibitors.27 SH2 
domain of STAT3 binds to tyrosine phosphorylated cyto-
kine receptors and phosphorylated tyrosine 705 in STAT3 
homodimerization, while CCD domain is responsible for 
KPNA3 (importin-α3) interaction and nuclear translo-
cation. Distributions of both docking scores and MM/
GBSA (molecular mechanics/generalized born/surface 
area) scores show that celastrol may bind both domains 
of STAT3 (Figure VI in the Data Supplement). Greater 
negative scores are obtained in celastrol-SH2 domain 
interaction, indicating that celastrol has a higher binding 
affinity to SH2 domain compared with the CCD domain. 
To predict the binding position of celastrol on SH2 and 
CCD domains, a per-residue decomposition energy cal-
culation was performed for the 100 docking poses. Five 
key residues in the CCD domain with the top-lowest 
average energy values are Tyr-176, Leu-203, Leu-207, 
Val-291, and Tyr-293 (Figure  3D). Among these, Leu-
207 showed the lowest energy. For the SH2 domain, 
the 5 key residues with the top-lowest average energy 
values are Trp-623, Gln-635, Ser-636, Val-637, and Thr-
714 (Figure  3E). Among these, Gln-635 and Val-637 
appeared to be key residues based on the energy values.

We then mutated Leu-207 in the CCD domain and 
Gln-635/Val-637 in the SH2 domain to Ala to confirm 
their involvements in celastrol-STAT3 interaction. Three 
plasmids, wide-type pCMV3-flag-ratSTAT3, pCMV3-flag-
ratSTAT3-L207A, and pCMV3-flag-ratSTAT3-Q635A/
V637A, were constructed and transfected into HEK-
293 (human embryonic kidney 293)  cells. We deter-
mined whether Bio-Celastrol binds to mutated STAT3 
in the transfected cells using biotinylated Celastrol pull-
down assays. Our results show that Bio-Celastrol binds 
to wild-type STAT3-expressing 293 cell lysates, while 
significantly reduced binding was observed for HEK-
293 cell lysates expressing mutant STAT3 (Figure 3F). 
These results suggest that Leu-207 in the CCD domain 
and Gln-635/Val-637 in the SH2 domain participate in 
celastrol-STAT3 interaction.

Celastrol Blocks Ang II–Induced STAT3 
Activation in Cardiomyocytes
Binding of celastrol to STAT3 prompted us to examine 
whether celastrol inhibits Ang II–induced STAT3 activa-
tion and prevents cardiomyocyte remodeling by target-
ing STAT3. We probed for tyrosine 705–phosphorylated 
STAT3 proteins as a proxy for STAT3 activation. Recent 
studies have shown increased tyrosine 705 phosphory-
lation of STAT3 by Ang II in mesangial cells and cardio-
myocytes.28,29 Furthermore, various cytokines and growth 
factors activate STAT3 by Tyr-705 phosphorylation.30 Our 
studies show that Ang II increases Tyr-705 phospho-
STAT3 levels at 1 hour and reaches maximum level at 12 
hours in primary cardiomyocytes (Figure 4A; Figure IXA 

in the Data Supplement). Ang II stimulation did not induce 
serine 727 phosphorylation of STAT3 in cardiomyocytes 
(Figure VIIA and VIIB in the Data Supplement). Although 
celastrol alone did not induce STAT3 Tyr-705 phosphory-
lation (Figure VIIC and VIID in the Data Supplement), 
pretreatment with celastrol prevented Ang II–induced 
STAT3 Tyr-705 phosphorylation in primary cardiomyo-
cytes (Figure 4B; Figure IXB in the Data Supplement). 
Interestingly, celastrol reduced STAT3 phosphorylation 
even when administered following 8-hour exposure of 
cardiomyocytes to Ang II (Figure VIIIA and VIIIB in the 
Data Supplement).

We next determined whether celastrol is able to reduce 
phosphorylation of STAT3 initiated by other upstream 
mediators. We selected IL-6 (interleukin-6) and TGF-β1 
for these studies. Exposure of primary cardiomyocytes to 
IL-6 and TGF-β1 increased STAT3 phosphorylation (Fig-
ure VIIIC and VIIID in the Data Supplement). Treatment 
of cells with celastrol reduced phosphorylated STAT3 lev-
els in cardiomyocytes exposed to either IL-6 or TGF-β. 
This reduction in phosphorylated STAT3 was seen with-
out changes to phospho-JAK2 (Figure VIIIE and VIIIF in 
the Data Supplement), indicating that celastrol targets 
STAT3 and not upstream JAK2.

As the key event in STAT3-mediated gene regula-
tion is the nuclear translocation of STAT3, we measured 
STAT3 proteins in nuclear and cytosolic fractions. We 
show that celastrol reduces Ang II–mediated nuclear 
STAT3 translocation in primary cardiomyocytes (Fig-
ure 4C and 4D; Figure IXC and IXD in the Data Supple-
ment). As expected, Ang II decreased cytosolic levels 
of STAT3, and this activity was also reversed by celas-
trol in a dose-dependent manner. An interesting finding 
was that celastrol reduced nuclear localization of STAT3, 
which may be unphosphorylated. Although it is believed 
that once STAT3 is activated, mainly through phosphory-
lation,31 STAT3 forms dimers through reciprocal phos-
photyrosine-SH2 domain interactions and translocates 
to the nucleus. It is possible, based on our data, that 
celastrol reduces STAT3 activity in cardiomyocytes at 
both the phosphorylation and nuclear translocation lev-
els. Recently, studies have shown that KPNA3 could be 
the primary carrier for STAT3 nuclear import in cells.32,33 
Our docking simulations also indicate that celastrol may 
bind to the CCD of STAT3—a region that participates 
in KPNA3 interaction. Based on these observations, 
we tested the idea that celastrol binding to STAT3 may 
disrupt STAT3-KPNA3 association, which would reduce 
nuclear translocation. Our immunoprecipitation assay 
showed that Ang II increases STAT3-KPNA3 interaction, 
while this increased interaction was significantly inhibited 
by pretreatment with celastrol in primary cardiomyocytes 
(Figure 4E). Since celastrol-STAT3 interaction does not 
require tyrosine 705 phosphorylation (as evident in our 
in vitro/cell-free assays), these results suggest that 
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celastrol may also regulate STAT3 nuclear localization, 
independent of its phosphorylation.

To determine the functional significance of nuclear 
STAT3, we examined whether STAT3 directly binds to 
the promoter regions of prohypertrophic and profibrotic 
genes to enhance the expression. To test this, we per-
formed chromatin immunoprecipitation qPCR and show 
increased STAT3 binding at ISL-1 (a positive control 
gene for STAT3), myh7, Col1a, and Tgfb1 genes in Ang 
II–challenged primary cardiomyocytes (Figure 4F). This 
Ang II–induced STAT3 binding was prevented in cells 

pretreated with celastrol (Figure 4F). Thus, it is possible 
that celastrol prevents Ang II–induced prohypertrophic 
and profibrotic gene expression and cardiomyocyte 
remodeling by directly targeting STAT3.

Celastrol Attenuates Ang II–Induced 
Cardiomyocyte Remodeling by Targeting STAT3
We transfected primary cardiomyocytes with STAT3-tar-
geting siRNA and STAT3-expressing plasmids. Knock-
down of STAT3 (Figure  5A) inhibited Ang II–induced 

Figure 4. Celastrol inhibits Ang II (angiotensin II)–induced STAT (signal transducers and activators of transcription)-3 tyrosine 
705 phosphorylation.
A, Rat primary cardiomyocytes were exposed to 1 µmol/L Ang II. Total proteins were isolated at different times and probed for phosphotylated 
STAT3 (p-STAT3) levels (Tyr-705). Total STAT3 and GAPDH were used as loading controls. B, Celastrol inhibits Ang II–induced STAT3 
phosphorylation (Tyr-705). Primary cardiomyocytes were pretreated with celastrol for 1 h and then stimulated with 1 µmol/L Ang II for 12 h. 
Dimethyl sulfoxide (DMSO) was used as vehicle control. Total STAT3 and GAPDH were used for normalization. Whole cell lysates were used for 
Western blot assay. C and D, Celastrol inhibits Ang II–induced STAT3 nuclear translocation. Primary cardiomyocytes were pretreated with celastrol 
for 1 h and then stimulated with 1 µmol/L Ang II for 12 hours. Nuclear (C) and cytosolic (D) fractions were extracted and probed for p-STAT3/
STAT3. Lamin B and GAPDH were used as loading controls. E, Celastrol inhibits Ang II–induced STAT3-KPNA3 (importin-α3) interaction. Primary 
cardiomyocytes were treated with 1 nmol/L celastrol for 1 h before exposure to 1 µmol/L Ang II for 12 h. KPNA3-STAT3 interactions were 
analyzed by coimmunoprecipitation. Bottom, Densitometric quantification. F, Chromatin immunoprecipitation-quantitative polymerase chain 
reaction analysis of STAT3 binding to candidate genes. Rat primary cardiomyocytes were treated as in panels above. ISL-1 (insulin gene enhancer 
protein) was used as positive control (A–D and F, n=5; E, n=5; A–F, 1-way ANOVA followed by Tukey post hoc tests [A: number of comparisons, 
21; B–D: number of comparisons, 10; E and F: number of comparisons, 3]. Adjusted P values were provided in case of multiple groups).
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hypertrophic (β-MyHC) and profibrotic (TGF-β1) mark-
ers (Figure 5B; Figure IXE and IXF in the Data Sup-
plement). This inhibition of hypertrophic and fibrotic 

factors in cells with STAT3 knockdown was associated 
with reduced STAT3 tyrosine 705 phosphorylation (Fig-
ure  5C; Figure IXG in the Data Supplement). We did 

Figure 5. Involvement of STAT (signal transducers and activators of transcription)-3 in celastrol-mediated cardiomyocyte 
protection.
A, Primary cardiomyocytes were transfected with siRNA against STAT3. Control cells were transfected with negative control siRNA. Western blot was 
used to determine knockdown efficiency. Quantification is shown on right. B, Immunoblot analysis of β-MyHC (β-myosin heavy chain) and TGF-β1 
(transforming growth factor-β1) following STAT3 knockdown. Primary cardiomyocytes transfected with negative control or STAT3 siRNA were 
treated with celastrol for 1 h and then exposed to Ang II (angiotensin II) for 24 h. GAPDH used as loading control. C, Immunoblot analysis of 
tyrosine 705–phosphorylated STAT3 following STAT3 knockdown in primary cardiomyocytes. Total STAT3 and GAPDH used as control. D, Primary 
cardiomyocytes were transfected with cDNA plasmids encoding STAT3. Control cells were transfected with empty vector. Western blot was used 
to determine STAT3 expression. Quantification is shown on right. E, Effect of STAT3 overexpression on β-MyHC and TGF-β1 induction by Ang II. 
Transfected Primary cardiomyocytes were treated as in B. F, phosphotylated STAT3 (p-STAT3) levels in primary cardiomyocytes following STAT3 
overexpression. Total STAT3 and GAPDH used as control. G, Rhodamine/phalloidin staining of STAT3-overexpressing primary cardiomyocytes. Cells 
transfected with STAT3 or empty plasmid (negative control [NC]) were treated as in D. Slides were counterstained with DAPI (4′,6-diamidino-2-
phenylindole; A–G, n=5; A and D, Student t test; C–G, 1-way ANOVA followed by Tukey post hoc tests [C–G: number of comparisons, 15]. Adjusted P 
were provided in case of multiple groups).
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not see a significant potentiation effect on β-MyHC 
and TGF-β1 levels when STAT3 siRNA-transfected 
cells were treated with celastrol before Ang II exposure. 
Perhaps, this is because the knockdown was not robust 
enough. Conversely, however, overexpression of STAT3 
(Figure 5D) alone did not increase β-MyHC and TGF-
β1 levels in H9C2 cells (Figure 5E; Figure IXH and IXI 
in the Data Supplement) but did produce higher phos-
phorylated STAT3 proteins (Figure 5F; Figure IXJ in the 
Data Supplement). In this saturating condition, celas-
trol failed to reduce the levels of β-MyHC and TGF-β1 
proteins and phosphorylated STAT3 in STAT3-overex-
pressing cells (Figure 5E and 5F; Figure IXJ and IXK 
in the Data Supplement). Rhodamine phalloidin staining 
of cardiomyocytes confirmed that STAT3 overexpres-
sion prevents the inhibitory activity of celastrol on cell 
hypertrophy (Figure 5G; Figure IXL in the Data Supple-
ment). Collectively, these results suggest that celastrol 
engages STAT3 in inhibiting Ang II–induced cardiomyo-
cyte remodeling.

We know that once Ang II binds to AT1, both G 
protein–dependent and independent signaling path-
ways are activated. G protein activation of PLC (phos-
pholipase C) acts to increase protein kinase C. Binding 
of β-arrestin1 to AT1 inhibits G protein coupling and 
downstream activation of cytoplasmic ERK (extracellu-
lar signal-regulated kinase). In addition, AT1 induces the 
activation of JAK/STAT pathway. To explore how Ang II 
mediates STAT3 activation and possible node of inhibi-
tion by celastrol, we knocked down the expression of 
AT1 receptor in primary cardiomyocytes (Figure XA in 
the Data Supplement) and show that Ang II–induced 
JAK2 and STAT3 phosphorylation is reduced (Figure XB 
in the Data Supplement). These results show that Ang 
II employs AT1 to activate JAK/STAT pathway. We then 

used 2 biased activators of AT1: TRV027 and TRV055. 
TRV027 is a potent synthetic β-arrestin1–biased 
ligand34 for AT1, whereas TRV055 selectively activates 
the PLCβ pathway downstream of AT1.35 Our results 
show that both TRV027 and TRV055 failed to increase 
phosphorylated JAK2 and STAT3 Figure XC in the 
Data Supplement). This indicates that Ang II–induced 
STAT3 activation in cardiomyocytes is mediated through 
AT1 but is independent of β-arrestin1 and PLCβ. We 
confirmed this notion by silencing β-arrestin1 in car-
diomyocytes before exposing the cells to Ang II (Figure 
XD in the Data Supplement). We show that β-arrestin1 
knockdown does not suppress Ang II–induced JAK/
STAT activation (Figure XE in the Data Supplement). To 
build on these results, we treated Ang II–exposed cells to 
celastrol and measured AT1-arrestin complex formation 
and phosphorylation of ERK and PLCβ. We show that 
celastrol does not alter Ang II–induced AT1–β-arrestin1 
complex formation (Figure XF in the Data Supplement) 
or activation of ERK (Figure XG in the Data Supplement) 
and PLCβ (Figure XH in the Data Supplement). These 
results suggest that celastrol carries out its inhibitory 
activity by directly targeting STAT3, downstream of AT1.

Administration of Celastrol Reduces Ang II–
Induced Cardiac Dysfunction and Remodeling
Our next objective was to determine whether celas-
trol inhibits Ang II–induced STAT3 activation and 
cardiac remodeling in mice. We used a mouse model 
with continuous Ang II infusion by subcutaneous 
osmotic mini pumps (Table 1).36 This continuous Ang 
II delivery model shows cardiac fibrosis and hypertro-
phy, but ejection fraction (%) and fractional shorten-
ing (%) are preserved36 or enhanced.37,38 A selective 

Table 1.  Biometric and Echocardiographic Measurements in Experimental Mice: Model 1

Ctrl Cel (1 mg/kg)

Continuous Ang II Pump Infusion

 Cel (1 mg/kg) S3I (5 mg/kg)

n=7 n=7 n=7 n=7 n=7

EF, % 78.97±1.18 78.58±0.71ns 83.03±1.33* 78.87±1.28# 78.18±1.03#

FS, % 40.73±1.84 40.67±0.59ns 45.14±1.4* 40.34±1.01# 40.42±0.76#

LVIDd, mm 2.12±0.12 2.17±0.16ns 1.85±0.07* 2.17±0.11# 2.15±0.17 #

IVSD, mm 0.91±0.03 0.92±0.02ns 0.94±0.02* 0.92±0.02# 0.92±0.17#

PWd, mm 0.69±0.02 0.71±0.03ns 0.72±0.02* 0.70±0.14ns 0.72±0.02ns

E wave, m/s 0.68±0.08 0.63±0.15ns 0.60±0.08* 0.65±0.08ns 0.66±0.11ns

Tei Index 0.83±0.14 0.82±0.028ns 0.85±0.19ns 0.84±0.15ns 0.83±0.32#

IRT, ms 15.67±0.56 17.3±0.92ns 12.83±0.73* 16.71±0.92ns 17.42±1.36ns

HW/BW, mg/g 5.55±0.26 5.59±0.16ns 6.83±0.53* 5.65±0.35# 5.68±0.28#

Transthoracic echocardiography was performed on mice at the end of the animal study. Data presented as mean±SEM (n=7; 1-way ANOVA followed by Tukey post 
hoc tests; number of comparisons, 10). Ang II indicates angiotensin II; BW, body weight; Cel, celastrol; Ctrl, control; EF ejection fraction; FS, fractional shortening; HW, 
heart weight; IRT, isovolumic relaxation time; IVSD, diastole interventricular septal thickness; LVIDd, diastole left ventricle internal dimension; ns, no significance; PWd, 
diastole posterior wall thickness; S3I, S3I-201; and Tei index, a myocardial performance index designed by Dr Chuwa Tei.

*P<0.05 compared with Ctrl.
#P<0.05 compared with Ang II.
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STAT3 inhibitor S3I-201 (S3I)39 was used as a posi-
tive control to determine whether celastrol activity can 
be mimicked by STAT3 inhibition. As shown in Figure 
XIA in the Data Supplement, Ang II infusion caused an 
increase in Ang II levels in heart tissues of mice. Treat-
ment of mice with STAT3 inhibitor S3I and celastrol did 
not alter cardiac Ang II levels. In addition, mice showed 
significantly increased systolic blood pressure upon 
Ang II challenge (Figure XIB in the Data Supplement). 
Neither celastrol nor S3I suppressed Ang II–induced 
blood pressure, which is consistent with the in vitro 
data that celastrol did not affect Ang II–induced AT1–
β-arrestin1 interaction and ERK/PLCβ phosphoryla-
tion (Figure XF through XH in the Data Supplement). 
Furthermore, no changes in body weights were noted 
among any of the experimental groups (Figure XIC in 
the Data Supplement).

Cardiac function in mice was determined by non-
invasive echocardiography (Figure XID in the Data 
Supplement). As shown in Table  1, Ang II challenge 
increased ejection fraction (%) and fractional short-
ening (%), while left ventricular internal dimension in 
diastole and E wave were decreased. Previous studies 
have shown that low-dose continuous Ang II infusion 
for 2 weeks increases ejection fraction (%) and frac-
tional shortening (%),37,38 possibly as a compensatory 
mechanism. Heart weights of mice were also increased 
indicating hypertrophic changes. These alterations 
were normalized by celastrol and S3I. These results 
indicated that STAT3 inhibitor and celastrol attenuated 
Ang II–induced cardiac dysfunction in mice. Hematox-
ylin-eosin staining of heart tissues showed that both 
celastrol and S3I attenuated Ang II–induced histopath-
ologic alterations and cardiomyocyte hypertrophy (Fig-
ure 6A and 6B; Figure XIE in the Data Supplement). 
The prevention of Ang II–induced cardiac fibrosis by 
celastrol and S3I was confirmed using Masson tri-
chrome and Sirius Red staining (Figure 6C through 6E). 
Western blot and real-time qPCR assays showed that 
celastrol and S3I reduced Ang II–induced prohypertro-
phic and profibrosis β-MyHC, collagen I, and TGF-β1 in 
mouse hearts (Figure 6F and 6G; Figure XIF through 
XIH in the Data Supplement). As expected, Ang II infu-
sion also increased STAT3 phosphorylation and nuclear 
translocation in heart tissues, which were blocked by 
celastrol and S3I (Figure 6H through 6K). Furthermore, 
treatment of mice with celastrol alone did not produce 
structural or functional alterations in mice (Table 1; Fig-
ure 6). These results demonstrate that celastrol inhib-
ited STAT3 activation in mouse hearts and prevented 
Ang II–induced cardiac remodeling.

We further determined whether celastrol treatment 
after Ang II challenge also affords protective effects 
or reverses cardiac damage. To achieve this goal, we 
initiated Ang II infusion in mice and maintain the mice 
under these conditions for 2 weeks. At this point, 

celastrol treatment was initiated and lasted for another 
2 weeks. In this model (Table 2), celastrol did not alter 
body weights or blood pressure of mice (Figure XIIA 
and XIIB in the Data Supplement). Gross examina-
tion of harvested heart tissues showed hypertrophic 
changes in Ang II–challenged mice but not mice that 
received celastrol treatment (Figure XIIC in the Data 
Supplement). Assessment of heart weight:body weight 
and heart weight:tibia length ratios supported hypertro-
phic changes in mice challenged with Ang II (Table 2). 
Assessment of cardiac function indicated that celastrol 
administration preserved cardiac function in mice (Table 
2; Figure XIID in the Data Supplement). These protec-
tive effects were seen in mice treated with celastrol 
despite elevated levels of cardiac Ang II (Figure XIIE 
in the Data Supplement). Similarly, celastrol reduced 
cardiomyocyte hypertrophy (Figure  7A and 7B) and 
fibrosis (Figure  7C through 7F) even when adminis-
tered after Ang II challenge. Protein levels of MyHC, 
TGF-β1, and collagen were also reduced by celastrol 
(Figure  7G). These changes paralleled mRNA levels 
of cardiac remodeling genes, including Myh7, Col1a1, 
Tgfb1, Anp, Bnp, α-SK, and Gata4 (Figure XIIF in the 
Data Supplement). Furthermore, celastrol suppressed 
Ang II–mediated STAT3 phosphorylation and nuclear 
localization (Figure 7H and 7I). Celastrol also reduced 
STAT3-KPNA3 interaction, which may explain reduced 
nuclear STAT3 levels (Figure XIIG in the Data Supple-
ment). These results are consistent with our in vitro 
studies showing that celastrol reverses Ang II–induced 
cardiomyocyte remodeling.

Celastrol Reduces TAC-Induced Cardiac 
Remodeling
Our last objective was to determine whether celastrol 
prevents cardiac remodeling in other hypertrophic models 
through targeting STAT3. To test this, we performed TAC 
in mice. In this model, we initiated celastrol treatment 3 
weeks after performing TAC. Mice were then maintained 
on celastrol for 3 weeks. Similar to our studies with Ang 
II challenge, celastrol did not alter body weights of mice 
(Figure XIIIA in the Data Supplement). Gross examina-
tion of heart tissues showed hypertrophic changes in 
TAC-challeneged mice (Figure XIIIB in the Data Sup-
plement). Assessment of cardiac function showed that 
celastrol reduced dysfunction in mice following TAC 
(Table II in the Data Supplement; Figure XIIIC in the Data 
Supplement). Specifically, suppressed ejection fraction 
(%) and fractional shortening (%) were normalized by 
celastrol. Other parameters of cardiac function showed 
the same pattern. Histologically, cardiomyocyte hypertro-
phy and fibrosis were normalized by celastrol treatment 
(Figure XIIID through XIIII in the Data Supplement). Fur-
thermore, mRNA (Figure XIVA in the Data Supplement) 
and protein (Figure XIVB in the Data Supplement) levels 
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Figure 6. Celastrol prevents Ang II (angiotensin II)–induced cardiac remodeling and STAT (signal transducers and activators of 
transcription)-3 activation in mice with continuous Ang II infusion.
A, Representative hematoxylin-eosin staining of heart tissues showing the effect of celastrol on Ang II–induced structural deficits. Arrows 
indicating structural alterations. B, Fibrosis in heart tissues of Ang II–challenged mice. Representative micrographs of Sirius Red staining (top); 
representative micrographs of Masson trichrome staining (bottom). C, Quantitative analysis of myocyte area. A minimum of 100 cells were 
measured from different visual fields of 4 samples per group. D and E, Quantification of interstitial fibrotic areas (%) from Sirius (Continued )
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of cardiac remodeling genes showed normalization by 
celastrol. Interestingly, we found that TAC induces STAT3 
phosphorylation and nuclear translocation in the heart 
tissues (Figure XIVC and XIVD in the Data Supplement). 
This increased activity of STAT3 was also normalized by 
celastrol, consistent with our previous data from Ang II–
challenged mice. Here again, the interaction between 
STAT3 and KPNA3 was reduced by celastrol (Figure 
XIVE in the Data Supplement). Collectively, these stud-
ies show that celastrol attenutes TAC-induced cardiac 
hypertrophy and remodeling, possibly through targeting 
STAT3 activation.

DISCUSSION
This study showed that celastrol provides protection 
against Ang II–mediated deleterious cardiac remodeling 
through directly binding to STAT3 protein and reducing 
its tyrosine phosphorylation and nuclear translocation. In 
mice, celastrol prevented cardiac functional deficits and 
reduced cardiac fibrosis and hypertrophy in both Ang 

II–challenged and TAC-induced mouse models. Ang II 
activates STAT1-3, STAT5, and STAT6 in the heart cells 
including myocytes.25,40 In our study, Ang II caused a 
sustained phosphorylation of STAT3 in cultured cardio-
myocytes and in mouse heart tissues. We also found that 
activated STAT3 binds to the promoter sites of myh7, 
Col1a, and Tgfb1 genes and upregulates their expres-
sion. These results are consistent with indications that 
STAT3 is involved in myocardial hypertrophy.25 Impor-
tantly, we show that celastrol treatment of cells pre-
vents STAT3 phosphorylation and reduces matrix protein 
expression and cell size increase. Furthermore, over-
expression of STAT3 reduces the protective effects of 
celastrol against Ang II–induced changes. In mice, we 
also show that celastrol mimics a selective STAT3 inhibi-
tor in preventing functional and structural cardiac deficits 
induced by Ang II.

Using protein microarrays, we identified STAT3 as a 
potential target of celastrol. Surface plasmon resonance 
analysis showed that celastrol binds to recombinant 
STAT3 protein. This interaction was further validated in 
ELISA and pull-down assays. It is important to note that 
STAT3 may not be the only target of celastrol, as celastrol 
appears to interact with multiple target proteins. In sup-
port of this idea, studies have shown that celastrol regu-
lates many biological functions and signaling pathways.41 
We were careful in our interpretation and reporting of the 
data and elected not to overstate that STAT3 is a specific 
target of celastrol. Here, we have shown, for the first time 
to our knowledge, celastrol-binding proteins using a pro-
teome microarray assay. Our studies indicate >100 pro-
teins that celastrol may bind to and potentially alter. One 
of these proteins is STAT3. Other top interacting proteins 
were the Prdx. Both Prdx1 and Prdx2 prevent oxidative 
stress-induced cardiomyocyte apoptosis.42,43 However, 
when we knocked down the expression of Prdx1 and 
Prdx2 in cardiomyocytes, we did not observe any changes 
in Ang II–induced hypertrophic and fibrotic factor expres-
sion. At least in this Ang II system, it does not appear that 
celastrol mediates activities through Prdx1 interaction.

An interesting question arising from our study is 
whether STAT3 activation leading to cardiac dysfunction 
is limited to Ang II challenge. STAT3 plays a different role 
in different heart diseases. STAT3 activation has been 
found to mediate cardioprotection against ischemia/
reperfusion injury.44,45 This is possibly because STAT3 
activation can promote cell proliferation and prevent isch-
emia/reperfusion-induced cell apoptosis. Although pre-
vious reports show that STAT3 mediates Ang II–induced 

Table 2.  Biometric and Echocardiographic Measurements 
in Experimental Mice: Model 2, in Which Celastrol was 
Administrated After 2-wk Ang II Challenge

 

Ctrl Continuous Ang II Pump 
Infusion

Cel (1 mg/kg) 

n=7 n=7 n=7

EF, % 79.6±1.07 73.74±2.01* 78.9±1.42#

FS, % 39.6±2.14 33.45±1.45* 38.9±1.74#

LVIDd, mm 2.1±0.48 2.4±0.85* 2.2±0.97#

IVSD, mm 0.68±0.07 0.73±0.09* 0.71±0.01ns

PWd, mm 0.69±0.04 0.74±0.01* 0.70±0.03ns

E wave, m/s 0.79±0.145 0.64±0.13* 0.78±0.07#

Tei Index 0.73±0.04 0.79±0.07ns 0.71±0.08#

IRT, ms 19.47±0.74 24.14±0.96* 20.45±1.78ns

HW/BW, mg /g 4.10±0.79 4.47+0.092* 4.13±0.089#

HW/TL, mg/mm 4.96±0.89 6.43+0.23* 5.23±0.98#

Transthoracic echocardiography was performed on mice at the end of the 
animal study. Data presented as mean±SEM (n=7; 1-way ANOVA followed by 
Tukey post hoc tests; number of comparisons, 3). Ang II indicates angiotensin 
II; BW, body weight; Cel, celastrol; Ctrl, control; EF ejection fraction; FS, 
fractional shortening; HW, heart weight; IRT, isovolumic relaxation time; IVSD, 
diastole interventricular septal thickness; LVIDd, diastole left ventricle internal 
dimension; ns, no significance; PWd, diastole posterior wall thickness; Tei index, 
a myocardial performance index designed by Dr Chuwa Tei; and TL, tibia length.

*P<0.05 compared with Ctrl.
#P<0.05 compared with Ang II.

Figure 6 Continued. Red–stained heart sections (D) and Masson trichrome staining (E). F, Representative Western blot analysis of β-MyHC 
(β-myosin heavy chain), collagen I, and TGF-β1 (transforming growth factor-β1) in heart tissues. GAPDH was used as loading control. G, Real-
time quantitative polymerase chain reaction showing mRNA levels of myh7, Col1a, and Tgfb1 in the heart tissues. H, Representative Western 
blot analysis of STAT3 and phosphotylated STAT3 (p-STAT3; Tyr-705) in heart tissues. GAPDH was used as loading control. I, Densitometric 
quantification for H. J, Representative Western blot analysis of p-STAT3 and STAT3 in nuclear extracts prepared from mouse heart tissues. Lamin 
B and GAPDH were used as loading control. K, Densitometric quantification for J (C–K, n=7; 1-way ANOVA followed by Tukey post hoc tests 
[number of comparisons, 15]. Adjusted P were provided in case of multiple groups).
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Figure 7. Celastrol reverses Ang II (angiotensin II)–induced cardiac hypertrophy and fibrosis in mice with continuous Ang II 
infusion.
A, Representative wheat germ agglutinin staining (WGA) staining of heart tissues showing effect of celastrol on Ang II–induced hypertrophy. B, 
Quantitative analysis of myocyte area. A minimum of 100 cells were measured from different visual fields of 4 samples per group. C, Representative 
hematoxylin-eosin staining of heart tissues showing effect of celastrol on Ang II–induced structural deficits. D, Fibrosis in heart tissues of Ang 
II–challenged mice. Representative micrographs of Sirius Red staining (top); representative micrographs of Masson trichrome staining (bottom). E 
and F, Quantification of interstitial fibrotic areas (%) from Sirius Red–stained heart sections (E) and Masson trichrome staining (F). (Continued )
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heart injuries46,47 and that inhibiting STAT3 reverses 
these injuries,48 a few studies using gene knockout mice 
found that STAT3 deficiency aggravated Ang II–induced 
heart injuries.49 Furthermore, cardiomyocyte-specific 
STAT3 deficiency also impairs cardiac contractility in 
hypertensive mice.50 These discrepancies may be due to 
the important role of STAT3 in heart development and 
cardiomyogenesis.51 Both whole-body knockout and 
cardiomyocyte-specific knockout of STAT3 may affect 
the cardiac development and function, which may aggra-
vate the cardiac injury in Ang II or hypertensive models. 
Studies utilizing the selective STAT3 inhibitor S3I39 at the 
onset of disease offer support for the role of abnormally 
activated STAT3 in cardiac dysfunction. For example, 
STAT3 is phosphorylated/activated in heart tissues of 
mice following coronary artery ligation and upon induc-
tion of diabetes mellitus.52,53 Treatment of mice with 
S3I inhibits cardiac STAT3 phosphorylation in mice and 
prevents functional and structural alterations.52,53 Even 
though we used S3I in our study as a positive control, we 
show that S3I reduced the levels of STAT3 phosphoryla-
tion in heart tissues of mice challenged with Ang II. These 
studies are certainly indirect, and it would be imperative 
for future studies to utilize an inducible cardiomyocyte-
specific STAT3 knockout only during specific stresses to 
rule out developmental changes and confirm the role of 
STAT3 in cardiac pathology.

Other questions have also emerged from our studies. 
First, how does celastrol reduce Ang II–induced STAT3 
phosphorylation. Marrero et al54 have demonstrated that 
AT1 interacts directly with JAK2 kinase upon Ang II 
exposure and leads to JAK-STAT activation in vascular 
smooth muscle cells. Consistent with this mechanism, we 
show that Ang II utilized AT1 in cardiomyocytes to induce 
STAT3 activation, independent of β-arrestin1-ERK and 
PLCβ pathways. Exposure of cardiomyocytes to β-
arrestin–biased or PLCβ-biased AT1 agonists also fail to 
induce JAK2 and STAT3 phosphorylation. We also show 
that celastrol does not alter Ang II–induced AT1-arrestin 
interaction and ERK/PLCβ phosphorylation, as well as 
the blood pressure in hypertensive mouse models. We 
further show that celastrol does not change JAK2 acti-
vation. Based on these results, together with our bind-
ing assays and docking study, celastrol appears to bind 
directly to STAT3 and prevent its phosphorylation.

Our studies show that celastrol is effective in reducing 
the levels of phospho-STAT3 when added before Ang 
II exposure or after. In both cases, celastrol suppressed 

the expression of hypertrophic and fibrotic genes. This 
leads to the second intriguing and emerging question as 
to whether suppression of STAT3 phosphorylation and 
nuclear translocation by celastrol are linked or medi-
ated through distinct mechanisms. Although further 
studies are needed to dissect these mechanisms via 
celastrol-STAT3 complex crystal structural biology, our 
results showing reduced association between STAT3 
and importin proteins upon celastrol treatment suggest a 
dual inhibitory mechanism of celastrol action. These dual 
activities may be mediated by binding of celastrol to SH2 
and CCD domains of STAT3.

Collectively, our studies provide evidence that celastrol, 
by inhibiting STAT3, prevents Ang II–associated cardiac 
injury. However, its clinical application requires further 
research. One potential concern regarding the clinical use 
of celastrol currently may be the narrow therapeutic win-
dow and potential of adverse effects. Although, we have 
used 0.5 and 1 mg/kg in mice without any toxicity, doses 
reaching 3 or 4 mg/kg may produce adverse effects as 
has been reported recently.55,56 Celastrol may not be uti-
lized immediately as monotherapy for hypertension-asso-
ciated cardiac remodeling, cancer, or other inflammatory 
conditions, but the promising results obtained in our study, 
as well as others, warrant further investigation. Spurred 
by the promising results of celastrol in various systems, 
researchers have started to modify celastrol to reduce 
its toxicity. Future studies focused on targeted release, 
combinatorial therapies, and chemical analogues offering 
favorable cellular profile would certainly help.
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Figure 7 Continued. G, Representative Western blot analysis of β-MyHC (β-myosin heavy chain), collagen I, and TGF-β1 (transforming growth 
factor-β1) in heart tissues. GAPDH was used as loading control. Right, Densitometric quantification for G. H, Representative Western blot 
analysis of STAT (signal transducers and activators of transcription)-3 and phosphotylated STAT3 (p-STAT3; Tyr-705) in heart tissues. GAPDH 
was used as loading control. Right, Densitometric quantification for H. I, Representative Western blot analysis of p-STAT3 and STAT3 in nuclear 
extracts prepared from mouse heart tissues. Lamin B and GAPDH were used as loading control. Right, Densitometric quantification for I (A–I, 
n=7 mice per group; *P<0.05 compared with control; #P<0.05 compared with Ang II; A–I, n=1; 1-way ANOVA followed by Tukey post hoc tests 
[number of comparisons, 3]. Adjusted P values were provided in case of multiple groups).
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