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[dentification of Celastrol as a Novel Therapeutic
Agent for Pulmonary Arterial Hypertension and
Right Ventricular Failure Through Suppression of
Bsg (Basigin)/CyPA (Cyclophilin A)
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Junichi Omura, Shinichiro Sunamura, Masamichi Nogi, Yutaro Takeuchi, Satoshi Miyata, Hiroaki Shimokawa

0BJECTIVE: Pulmonary arterial hypertension is characterized by abnormal proliferation of pulmonary artery smooth muscle cells
and vascular remodeling, which leads to right ventricular (RV) failure. Bsg (Basigin) is a transmembrane glycoprotein that
promotes myofibroblast differentiation, cell proliferation, and matrix metalloproteinase activation. CyPA (cyclophilin A) binds
to its receptor Bsg and promotes pulmonary artery smooth muscle cell proliferation and inflammatory cell recruitment. We
previously reported that Bsg promotes cardiac fibrosis and failure in the left ventricle in response to pressure-overload in
mice. However, the roles of Bsg and CyPA in RV failure remain to be elucidated.

APPROACH AND RESULTS: First, we found that protein levels of Bsg and CyPA were upregulated in the heart of hypoxia-induced
pulmonary hypertension (PH) in mice and monocrotaline-induced PH in rats. Furthermore, cardiomyocyte-specific Bsg-
overexpressing mice showed exacerbated RV hypertrophy, fibrosis, and dysfunction compared with their littermates under chronic
hypoxia and pulmonary artery banding. Treatment with celastrol, which we identified as a suppressor of Bsg and CyPA by drug
screening, decreased proliferation, reactive oxygen species, and inflammatory cytokines in pulmonary artery smooth muscle cells.
Furthermore, celastrol treatment ameliorated RV systolic pressure, hypertrophy, fibrosis, and dysfunction in hypoxia-induced PH
in mice and SU5416/hypoxia-induced PH in rats with reduced Bsg, CyPA, and inflammatory cytokines in the hearts and lungs.

CONCLUSIONS: These results indicate that elevated Bsg in pressure-overloaded RV exacerbates RV dysfunction and that
celastrol ameliorates RV dysfunction in PH model animals by suppressing Bsg and its ligand CyPA. Thus, celastrol can be a
novel drug for PH and RV failure that targets Bsg and CyPA.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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by abnormal proliferation of pulmonary artery smooth
muscle cells (PASMCs) and vascular remodeling,
which leads to right ventricular (RV) failure and prema-
ture death.'® However, all the drugs in clinical use for
PAH are essentially pulmonary vasodilators.?” Thus, it is
important to develop novel drugs that possess different

Pulmonary arterial hypertension (PAH) is characterized

mechanisms of action.®'? Bsg (Basigin), also known as
CD147 or extracellular matrix metalloproteinase inducer,
is a transmembrane glycoprotein that interacts with MCT
(monocarboxylate transporter) family of proteins, MCT1
and MCT4, integrin, caveolin-1, and cyclophilins. Bsg
promotes cell survival, chemotaxis, and MMPs (matrix
metalloproteinases) activity, leading to cancer metastasis,
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Celastrol Ameliorates Right Ventricular Failure

Highlights

Nonstandard Abbreviations and Acronyms

Bsg basigin

Bsg-Tg cardiomyocyte-specific
Bsg-overexpressing

CyPA cyclophilin A

ERK1/2  extracellular signal-regulated kinase 1/2

Lv left ventricle

MAPK mitogen-activated protein kinase

MCT monocarboxylate transporter

MMP matrix metalloproteinase

NF-xB nuclear factor-kb

NRCM neonatal rat cardiomyocyte

PAB pulmonary artery banding

PAH pulmonary arterial hypertension

PASMC  pulmonary artery smooth muscle cell

PH pulmonary hypertension

ROS reactive oxygen species

RV right ventricle

RVH right ventricular hypertrophy

RVSP right ventricular systolic pressure

sBsg soluble Bsg

atherosclerosis, and left ventricular (LV) failure.'®'® Also,
Bsg is an essential receptor for CyPA (cyclophilin A) that
binds to cyclosporine, an immunosuppressant.’® Cyclo-
philins are members of the immunophilin family of pep-
tidyl-prolyl cis-trans isomerases working as chaperones
and mediators of protein folding.'® The cyclosporine-
CyPA complex inhibits a calcium/calmodulin-dependent
phosphatase, calcineurin, leading to suppression of organ
rejection.’® Aside from their function as protein chaper-
ones, cyclophilins also mediate chemotaxis of neutro-
phils, eosinophils, and T cells when secreted from cells in
response to oxidative stress.'”'® Moreover, secreted CyPA
binds to Bsg in the plasma membrane, which induces
proliferation and inflammatory cell recruitment, leading
to atherosclerosis, cardiac hypertrophy, and pulmonary
hypertension (PH).'%1920 We have previously reported that
both Bsg and CyPA exacerbate PH in hypoxia-induced
PH in mice and that high plasma CyPA levels were asso-
ciated with poor outcome in patients with PAH.'* Further-
more, we have also reported that Bsg promotes cardiac
fibrosis and failure in LV in response to chronic pressure-
overload in mice and that high plasma levels of both sol-
uble form of Bsg (sBsg) and CyPA were associated with
poor prognosis in patients with LV failure.'®?'?2 Also, BSG
rs8259 polymorphism was associated with Bsg expres-
sion and risk of chronic heart failure and acute coronary
syndrome.?32* However, the roles of Bsg and CyPA in RV
failure are still unknown.

We previously identified celastrol as a suppressor of
Bsg and CyPA, which ameliorated LV failure in response to
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« Protein levels of Bsg (basigin) and CyPA (cyclophilin
A) in the right ventricles were elevated in animal
models of pulmonary hypertension.

+ Cardiomyocyte-specific Bsg-overexpressing mice
showed exacerbated right ventricular function under
chronic hypoxia and pulmonary artery banding.

¢ In vitro, celastrol treatment inhibited excessive pro-
liferation, oxidative stress, and inflammation in pul-
monary artery smooth muscle cells and oxidative
stress and hypertrophy in cardiomyocytes, through
suppression of Bsg and CyPA.

+ Celastrol treatment ameliorated pulmonary hyper-
tension and right ventricular failure in animal mod-
els of pulmonary hypertension and right ventricular
pressure overload through suppression of Bsg and
CyPA with reduced inflammation.

pressure-overload induced by transverse aortic constric-
tion2" Celastrol is a quinone methide triterpene isolated
from the root extracts of Tripterygium wilfordii plant, which
is used in Chinese medicine to treat immunologic disor-
ders, including rheumatoid arthritis.®® There have been
clinical trials using Tripterygium wilfordii for the treatment
of Crohn’s disease, psoriasis, rheumatoid arthritis, diabe-
tes, and rejection after kidney transplantation, in which
Tripterygium wilfordii had therapeutic effects for these dis-
eases with relatively small side effects.?® Celastrol, a main
component of the root extracts of Tripterygium wilfordii
has antioxidant, anti-inflammatory, and anticancer proper-
ties, mainly attributed to its ability to inhibit NF-kB (nuclear
factor-xB), a central player in inflammation and cancer?®
Using a high-throughput screening system, we first dis-
covered that celastrol effectively suppresses the expres-
sion of Bsg and CyPA in PASMCs and cardiac myocytes.?!
Also, it is reported that Bsg-cyclophilin interactions may be
a good target for new anti-inflammatory therapeutics.262

Thus, in this study, we examined the role of Bsg in RV
failure with cardiomyocyte-specific Bsg-overexpressing
mice and the efficacy of celastrol as a suppressor of Bsg
and CyPA for the treatment of PH and RV failure.

MATERIALS AND METHODS

Materials and Methods are available in the Data Supplement.

RESULTS

Protein Levels of Bsg and CyPA in the RVs of
Animal Models of PH

Bsg is highly expressed in LV in patients with dilated
cardiomyopathy, myocardial infarction, and inflamma-
tory cardiomyopathy.?-3° Additionally, plasma levels of
sBsg and CyPA were higher in patients with LV failure
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compared with controls and were associated with poor
prognosis.’®?" Thus, we evaluated the protein levels of
Bsg and CyPA in pressure-overloaded RV. Consistent
with the previous reports, protein levels of Bsg and CyPA
in RVs in animal models of PH were significantly higher
compared with controls (Figure 1A and 1B).

RV Function in Cardiomyocyte-Specific Bsg-
Overexpressing Mice

Next, to examine the role of Bsg in RV, we exposed car-
diomyocyte-specific Bsg-overexpressing (Bsg-Tg) mice
to chronic hypoxia (Figure 2A). During the 4 weeks of
hypoxia, there was no difference in body weight between
Bsg-Tg mice and controls (Figure 2B). We confirmed
increased right ventricular systolic pressure (RVSP)
and right ventricular hypertrophy (RVH) in mice under
chronic hypoxia compared with normoxic mice (Fig-
ure 2C). Interestingly, Bsg-Tg mice showed exacerbated
RVH compared with controls without a significant dif-
ference in RVSP under hypoxia (Figure 2C). In spite of
equal pressure-overload (equal RVSP under hypoxia),
Bsg-Tg mice showed exacerbated RV parameters (eg,
RV wall thickness, RV diastolic diameter, RV fractional
area change, tricuspid annular plane systolic excursion,
RV myocardial performance index, and cardiac output)

Celastrol Ameliorates Right Ventricular Failure

compared with controls (Figure 2D). In contrast, LV
parameters did not show significant difference between
Bsg-Tg mice and controls under either normoxia or
hypoxia (Figure 2E). Additionally, Bsg-Tg mice showed
hypoxia-induced increase in cardiac interstitial fibrosis
compared with controls without significant morphologi-
cal changes in pulmonary arteries (Figure 2F and 2G).
These results suggest that Bsg overexpression in the
heart deteriorated RV function under pressure-overload
(elevated RVSP) induced by chronic hypoxia.
Furthermore, to evaluate the role of Bsg in RVs, we
performed pulmonary artery banding (PAB) in Bsg-Tg
and wild-type mice (Figure IA in the Data Supplement).
During 3 weeks after PAB surgery, there was no sig-
nificant difference in body weight between Bsg-Tg or
control mice with or without PAB surgery (Figure 1B in
the Data Supplement). Also, there was no significant
change in max velocity and pressure gradient in the
main pulmonary arteries assessed by echocardiography
between Bsg-Tg and wild-type mice (Figure IC in the
Data Supplement). At the point of 3 weeks after PAB
surgery, Bsg-Tg mice showed increased protein levels of
Bsg in the RVs compared with wild-type mice, in which
PAB increased protein levels of Bsg and CyPA in the RVs
(Figure ID in the Data Supplement). Interestingly, Bsg-
Tg mice showed exacerbated RV end-diastolic pressure

A Hypoxia-induced PH in mice Bsg CyPA
Heart homogenates * *
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Control Hypoxia 4W  Hypoxia 6W (kDa) -,% —_ — [ Hypoxia 4wks
; e I Hypoxia 6wks
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j5)
2 ©
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Figure 1. Pressure-overload upregulates protein levels of Bsg (basigin) and CyPA (cyclophilin A) in right ventricles.

A, Quantification of Bsg and CyPA in heart homogenates of control mice and hypoxia-induced pulmonary hypertension (PH) in mice exposed
to hypoxia for 4 or 6 wk (n=8 each). B, Quantification of Bsg and CyPA in right ventricles of control rats and monocrotaline-induced PH in
rats at 2 or 4 wks after monocrotaline (MCT) subcutaneous injection (n=8 each). Data represent the mean+SEM. *P<0.05. Comparisons of
parameters were performed with 1-way ANOVA followed by Dunnett test for multiple comparisons.
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Figure 2. Right ventricular (RV) dysfunction in cardiomyocyte-specific Bsg (basigin)-overexpressing Mice.

A, Schematic protocols for chronic hypoxia (10% O,) stimulation in cardiomyocyte-specific Bsg-overexpressing (Bsg-Tg) mice and controls.
B, The time-course of body weight (BW) from the starting point of administration of celastrol or control vehicle under normoxia (21% 0,
n=8 each) or hypoxia (10% O,, n=14 each) for 4 wk. C, Right ventricular systolic pressure (RVSP) and right ventricular hypertrophy (RVH) of
Bsg-Tg mice and controls under normoxia or hypoxia (Bsg-Tg, n=16; control, n=4 each). RVH, the ratio of the right ventricle to the left ventricle
plus septum (RV/LV+S). (D) Echocardiographic measurement of RV wall thickness, RV diastolic diameter (RVDd), RV fractional area change
(RVFAC), tricuspid annular plane systolic excursion (TAPSE), RV myocardial performance index (RVMPI), and cardiac output (CO; Bsg-Tg,
n=186; control, n=4 each). E, Echocardiographic measurement of left ventricular diastolic diameter (LVDd) and left ventricular ejection fraction
(LVEF) (Bsg-Tg, n=16; control, n=4 each). F, Left, representative images of Elastica-Masson (EM) staining of distal pulmonary arteries (PAs)
after chronic hypoxia. Right, quantitative analysis of remodeling in distal PA (Bsg-Tg, n=16; control, n=4 each). Scale bars, 25 pm. G, Left,
representative images of EM staining of hearts after chronic hypoxia. Right, quantitative analysis of interstitial fibrotic area (Bsg-Tg, n=186;
control, n=4 each). Scale bars, 25 um. Data represent the mean+SEM. *P<0.05. Comparisons of parameters were performed with 2-way
ANOVA, followed by Tukey honestly significant difference test for multiple comparisons.
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and RVH compared with wild-type mice without a signifi-
cant difference in RVSP, in which PAB surgery increased
RVSP, RV end-diastolic pressure, and RVH (Figure IE in
the Data Supplement). Moreover, Bsg overexpression
exacerbated fibrosis and cross-sectional area in RVs
compared with wild-type mice (Figure IF and IG in the
Data Supplement). In contrast, there was no change in LV
function between Bsg-Tg and wild-type mice (Figure IH
in the Data Supplement). However, Bsg-Tg significantly
exacerbated RV parameters (eg, RV diastolic diameter,
RV fractional area change, tricuspid annular plane sys-
tolic excursion, RV myocardial performance index, S
wave, and cardiac output) worsened by PAB, compared
with wild-type mice (Figure Il in the Data Supplement).
Moreover, Bsg-Tg mice showed upregulated mRNA
expression of hypertrophic markers, such as Nppa and
Nppb in the RVs compared with wild-type mice (Figure
IJ in the Data Supplement). These results suggest that
Bsg overexpression in the heart deteriorated RV function
under pressure-overload induced by PAB.

Celastrol-Mediated Suppression of Bsg and
CyPA

We performed a high-throughput screening and identi-
fied celastrol that reduced the expressions of both CyPA
(Ppia) and Bsg (Bsg) expression from 3336 clinically used
compounds and derivatives, in which 113 compounds
inhibited proliferation of PASMCs (Figure 3A). Consis-
tently, celastrol treatment suppressed mRNA expression
of Bsg and Ppia (Peptidylprolyl isomerase A, also known
as CyPA; Figure 3B) and protein levels of Bsg and CyPA
(Figure 3C) in PAH-PASMCs (Table I in the Data Supple-
ment). Here, it has been reported that celastrol has anti-
oxidant, anti-inflammatory, and anticancer properties.?®
Indeed, celastrol treatment inhibited the excessive prolif-
eration of PAH-PASMCs (Figure 3D), which have special
characteristics in terms of proproliferative and antiapop-
totic features in common with cancer cells®' While it
has been reported that higher levels of cytosolic reac-
tive oxygen species (ROS) are mechanistically involved
in the proliferation of PAH-PASMCs® celastrol attenu-
ated cytosolic ROS levels in PAH-PASMCs (Figure 3E).
Furthermore, celastrol treatment significantly reduced
the levels of cytokines/chemokines and growth factors
secreted from PAH-PASMCs (Figure 3F). Altogether,
celastrol treatment decreased protein levels of Bsg and
CyPA, inhibiting abnormal proliferation in PAH-PASMCs
with reduced ROS and inflammation.

Then, we examined effect of celastrol on neonatal
rat cardiomyocytes (NRCMs). As previously reported,?’
celastrol treatment suppressed mRNA expression of Bsg
and Ppia (Figure IIA in the Data Supplement) and protein
levels of Bsg and CyPA (Figure 1IB in the Data Supple-
ment) in NRCMs. Also, celastrol treatment significantly
reduced the levels of various cytokines/chemokines and

Arterioscler Thromb Vasc Biol. 2021;41:1205-1217. DOI: 10.1161/ATVBAHA.120.315731
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growth factors secreted from NRCMs (Figure IIC in the
Data Supplement). Next, we treated NRCMs with the
o1-adrenergic receptor agonist, phenylephrine, which
recapitulates much of the intracellular signaling during
pressure-overload.?? Celastrol treatment did not reduce
cell number (Figure 1ID in the Data Supplement) but
attenuated cytosolic ROS levels (Figure IIE in the Data
Supplement) in NRCMs. Importantly, celastrol treat-
ment ameliorated phenylephrine-induced hypertrophy
in NRCMs (Figure IIF in the Data Supplement). These
results suggest that celastrol treatment suppresses Bsg
and CyPA in NRCMs with reduced ROS, inflammation,
and hypertrophy.

Furthermore, we examined direct effects of celastrol
on cardiac fibroblasts. Consistently, celastrol treatment
suppressed mRNA expression of Bsg and Ppia (Figure
lIA in the Data Supplement) and protein levels of Bsg
and CyPA (Figure IlIB in the Data Supplement) in car-
diac fibroblasts. Importantly, celastrol treatment attenu-
ated proliferation (Figure llIC in the Data Supplement)
and cytosolic ROS levels (Figure llID in the Data Sup-
plement) in cardiac fibroblasts. Also, celastrol treatment
significantly reduced the levels of cytokines/chemokines
and growth factors secreted from cardiac fibroblasts
(Figure IIIE in the Data Supplement). These results sug-
gest that celastrol treatment directly suppresses Bsg and
CyPA in cardiac fibroblasts with reduced proliferation,
ROS, and inflammation.

Finally, we examined whether overexpression of Bsg
by using a Bsg-encoding plasmid in RV-derived cardio-
myocytes can affect RV-derived cardiac fibroblasts in
vitro. First, we confirmed that Bsg plasmid upregulates
protein levels and mRNA expression of Bsg in RV-
derived cardiomyocytes (Figure IVA and IVB in the Data
Supplement), leading to exacerbated oxidative stress
and production of cytokines compared with control plas-
mid group (Figure IVC and IVD). Importantly, treatment
with conditioned medium from cardiomyocytes with Bsg
plasmid increased proliferation and ROS in RV-derived
cardiac fibroblasts, compared with conditioned medium
from cardiomyocytes with control plasmid group (Figure
IVE and IVF). In the previous studies, it was reported that
[-adrenergic receptor stimulation and oxidative stress
upregulate Bsg expression in cardiomyocytes, which
activates MAPKs (mitogen-activated protein kinases)
and upregulates MMPs, leading to adverse remodel-
ing.3334 Also, we previously showed that Bsg signaling
stimulated by CyPA and mechanical stretch in cardiac
fibroblasts activates Akt and ERK1/2 (extracellular sig-
nal-regulated kinase 1/2) and induces cell proliferation,
oxidative stress, and inflammatory cytokines, resulting in
MMPs activation.'® We also showed that MMPs cleave
membrane-bound Bsg and release soluble extracellular
domain of Bsg (sBsg), which interacts with membrane-
bound Bsg again in an autocrine/paracrine manner.'® In
the present study, we showed that Bsg overexpression in
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Figure 3. Celastrol-mediated suppression of Bsg (basigin) and CyPA (cyclophilin A).

A, RT-PCR analysis of Ppia (CyPA) and human Bsg (Bsg) gene expression after the treatment with 113 compounds that effectively suppress
pulmonary artery smooth muscle cell (PASMC) proliferation in 3336 compounds in PASMCs from patients with pulmonary arterial hypertension
(PAH). B, RT-PCR analysis of Bsg and Ppia mRNA in PAH-PASMCs after the treatment with celastrol 1 pmol/L or vehicle for 24 h (n=6). C,
Quantification of Bsg and CyPA in PAH-PASMCs after the treatment with celastrol or vehicle for 24 h (n=6). D, MTT assay, in which cell viability
was measured at 0, 24, 48 h after treatment with different concentrations (0, 0.1, 1, and 3 umol/L) of celastrol (=8 each) in PAH-PASMCs. E,
Quantification of CellROX fluorescence intensity in PAH-PASMCs after the treatment with celastrol or vehicle for 24 h (n=8 each). F, Levels of
cytokines/chemokines and growth factors in conditioned medium of PAH-PASMCs after the treatment with celastrol 3 pmol/L or vehicle for 24 h
(n=6 each). Data represent the mean=SEM. *P<0.05. Comparisons of parameters were performed with unpaired Student ¢ test. CTACK indicates
cutaneous T-cell-attracting chemokine; G-CSF, granulocyte-colony stimulating factor; GRO, growth-regulated oncogenes; HGF, hepatocyte
growth factor; IFN, interferon; IL, interleukin; IP, interferon y-induced protein; M-CSF, macrophage colony-stimulating factor; MCP, monocyte
chemotactic protein 1; MIF, macrophage migration inhibitory factor; MIG, monokine induced by gamma interferon; MIP, macrophage inflammatory
protein; MTT, 3-(4,5-dimethylthial-2-yl)-2,5-diphenyltetrazalium bromide; NGF, nerve growth factor; SCF, stem cell factor; SD, stromal cell-derived
factor; TNF, tumor necrosis factor; TRAIL, TNF-related apoptosis-inducing ligand; and VEGF, vascular endothelial growth factor.
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cardiomyocytes increase ROS and cytokines, affecting
cardiac fibroblasts in a paracrine manner through sBsg
(Figure IVG in the Data Supplement).

Celastrol Ameliorates Hypoxia-Induced PH in
Mice

We have previously reported that both Bsg and CyPA
exacerbates hypoxia-induced PH in mice and that high
plasma CyPA levels were associated with poor outcome
in patients with PAH.'* In this study, we found that eleva-
tion of RVSP (pressure-overload in RVs) upregulated
Bsg and CyPA in RVs, in which Bsg overexpression
promoted RV dysfunction. Thus, we hypothesized that
celastrol treatment would ameliorate PH and RV failure
through inhibition of Bsg and CyPA (Figure 4A). Celas-
trol treatment significantly reduced body weight, which
is consistent with the previous report (Figure 4B)3®
Moreover, celastrol treatment reduced mRNA expres-
sion of Bsg and Ppia (Figure 4C) and protein levels
of Bsg and CyPA (Figure 4D) in the lungs compared
with vehicle. Furthermore, celastrol treatment reduced
phosphorylation of ERK (extracellular signal-regulated
kinase; Thr202/Tyr204) and AKT (Ser473) in the lungs
(Figure 4D). Importantly, celastrol treatment ameliorated
hypoxia-induced PH assessed by RVSP, RVH, and pul-
monary arterial remodeling (Figure 4E and 4F). Finally,
cytokine/chemokines assay showed that celastrol treat-
ment significantly reduced IL-1a and IL-2 in the lungs
(Figure 4G and Figure VA in the Data Supplement).

Celastrol Ameliorates SU5416/Hypoxia-
Induced PH in Rats

To further evaluate the therapeutic potential of celastrol for
PAH, we used SUb5416/hypoxia-induced PH model in rats,
in which rats were exposed to chronic hypoxia for 21 days
in combination with injection of SU5416 (Sugen/hypoxia
model; Figure BA). In this model, we started celastrol treat-
ment after the establishment of PH (treatment protocol).
Consistent with the previous study®*® daily administration
of celastrol for 14 days reduced body weight compared
with vehicle controls (Figure VIA in the Data Supplement).
Celastrol treatment reduced protein levels of Bsg in the
lungs compared with vehicle controls (Figure 5B). More-
over, celastrol treatment significantly ameliorated PH,
assessed by RVSP and RVH (Figure 5C) and suppressed
muscularization of distal pulmonary arteries (Figure 5D)
compared with controls. Cytokine/chemokine assay
showed reduced protein levels of inflammatory cytokines
(eg, IL-1a) in the lungs by celastrol treatment (Figure BE).
We further analyzed celastrol-mediated changes in RV
morphology and function in SU5416/hypoxia-induced
PH model in rats. Again, celastrol treatment reduced
protein levels of Bsg and CyPA in RVs compared with
controls, although they were not significantly elevated in
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the SU5416/ hypoxia vehicle group compared with the
control group (Figure 6A). Additionally, celastrol treatment
significantly suppressed RV fibrosis compared with con-
trols (Figure 6B). In contrast, there was no change in LV
morphology and function between celastrol and vehicle
groups (Figure 6C). However, celastrol treatment signifi-
cantly ameliorated RV parameters (eg, RV diastolic diam-
eter, RV fractional area change, tricuspid annular plane
systolic excursion, PAAT, and cardiac output) compared
with controls (Figure 6D). Consistently, celastrol treatment
improved exercise capacity evaluated by treadmill walking
distance, compared with controls (Figure 6E). Cytokine/
chemokine assay showed celastrol-mediated reduction of
inflammatory cytokines (eg, II-2, IL-4, and IFN-y) in the
hearts compared with controls (Figure 6F). Finally, celas-
trol treatment reduced plasma levels of cytokines/chemo-
kines and growth factors compared with controls (Figure
VIB in the Data Supplement). These results suggest that
celastrol suppresses Bsg and CyPA with less inflamma-
tion in the lungs and RVs, ameliorating PH and RV failure
in 2 PH animal models.

Celastrol Ameliorates PAB-Induced RV Failure
in Mice

To evaluate the effect of celastrol on RV itself, we treated
mice with PAB with celastrol for 21 days after PAB (Fig-
ure VIIA in the Data Supplement). Consistent with the
previous study*® daily administration of celastrol for 21
days reduced body weight compared with vehicle con-
trols in both groups of PAB and control mice (Figure
VIIB in the Data Supplement). There was no signifi-
cant change in max velocity or pressure gradient in the
main pulmonary arteries assessed by echocardiography
between the celastrol and the vehicle groups (Figure
VIIC in the Data Supplement). Celastrol treatment signifi-
cantly reduced protein levels of Bsg and CyPA in the RVs
compared with vehicle controls (Figure VIID in the Data
Supplement). Moreover, celastrol treatment significantly
ameliorated RVH without a significant difference in
RVSP (Figure VIIE in the Data Supplement) and reduced
fibrosis and cross-sectional area in RVs compared with
controls (Figure VIIF and VIIG in the Data Supplement).
In contrast, there was no change in LV function between
the 2 groups (Figure VIIH in the Data Supplement).
However, celastrol treatment significantly ameliorated
RV parameters (eg, RV diastolic diameter, RV fractional
area change, tricuspid annular plane systolic excursion,
RV myocardial performance index, S wave, and cardiac
output) compared with controls (Figure VIII in the in the
Data Supplement). Moreover, celastrol treatment tended
to reduce mRNA expression of hypertrophic markers,
such as Nppa and Nppb (Figure VIIJ in the in the Data
Supplement) in the RVs compared with vehicle. These
results suggest that celastrol suppresses Bsg and
CyPA in the RVs and ameliorates RV failure itself under
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Figure 4. Celastrol ameliorates hypoxia-induced pulmonary hypertension in mice.

A, Schematic protocols for celastrol administration to hypoxia-induced pulmonary hypertension (PH) in wild-type mice, in which 1 mg/kg per 48 h
celastrol or vehicle was intraperitoneally injected during the 4 wk of hypoxic exposure (10% O,). B, The time-course of body weight (BW) from the
starting point of administration of celastrol or vehicle under hypoxia (10% O,, n=15 each) for 4 wk. C, RT-PCR analysis of Bsg (Bsg) and CyPA
(cyclophilin A; Ppia) mRNA in lung homogenates after the treatment with celastrol or vehicle for 4 wks under hypoxia (n=12). D, Quantification of
basigin (Bsg), CyPA, phosphorylated ERK (extracellular signal-regulated kinase) (Thr202/Tyr204), total ERK, phosphorylated AKT (Ser473), and
total AKT in lung homogenates after the treatment with celastrol or vehicle for 4 wk under hypoxia (n=12). E, Right ventricular systolic pressure
(RVSP) and right ventricular hypertrophy (RVH) in wild-type mice after the treatment with celastrol or vehicle under hypoxia (10% O,, n=15) for

4 wk. RVH, the ratio of the right ventricle to the left ventricle plus septum (RV/LV+S). F, Muscularization of the distal pulmonary arteries (PAs)

with a diameter of 20 to 70 um after the treatment with celastrol or vehicle under hypoxia (n=15 each). N, nonmuscularized vessels; P, partially
muscularized vessels; F, fully muscularized vessels. Scale bar, 25 um. G, Levels of cytokines/chemokines and growth factors in lung homogenates
of hypoxia-induced PH in mice after the treatment with celastrol or vehicle for 4 wk (n=4). Data represent the mean+SEM. *P<0.05. Comparisons
of parameters were performed with unpaired Student ¢ test. aSMA indicates a-smooth muscle actin; and IL-1a, interferon-1a.

pressure overload. In summary, celastrol ameliorates both ~ and abnormal proliferation in PASMCs, and oxidative
PA remodeling and RV failure through suppression of  stress and hypertrophy in cardiomyocytes (Figure VIIA
Bsg and CyPA, reducing oxidative stress, inflammation,  in the Data Supplement).
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Figure 5. Celastrol ameliorates SU5416/ hypoxia-induced pulmonary hypertension in rats.
A, Schematic protocols for celastrol administration to SU5416/hypoxia-induced pulmonary hypertension (PH) in rats, in which rats were exposed to
chronic hypoxia (10% O,) for 3 wk in combination with the VEGF receptor blocker SU5416 (20 mg/kg, subcutaneous injection) followed by daily
administration of 1 mg/kg celastrol or vehicle by intraperitoneal injection for 2 wk. B, Quantification of Bsg (basigin) and CyPA (cyclophilin A) in lung
homogenates after the treatment with celastrol or vehicle (n=8 each). C, Right ventricular systolic pressure (RVSP) and right ventricular hypertrophy
(RVH) in SU5416/hypoxia-induced PH in rats after the treatment with celastrol or vehicle (n=12 each). RVH, the ratio of the right ventricle to the
left ventricle plus septum (RV/LV+S). D, Left, representative images of Elastica-Masson (EM) staining and a-SMA (a-smooth muscle actin) staining

of distal pulmonary arteries of SU5416/hypoxia-induced PH in rats after the treatment with celastrol or vehicle. Scale bar, 25 pm. Right, medial

wall thickness (MWT) of the distal pulmonary arteries with a diameter of 50 to 100 um of SU5416/hypoxia-induced PH in rats after the treatment
with celastrol or vehicle (n=12 each). E, Levels of cytokines/chemokines and growth factors in lung homogenates of SU5416/hypoxia-induced PH

in mice after the treatment with celastrol or vehicle for 4 wk (n=8). Data represent the meant+SEM. *£<0.05. Comparisons of parameters were
performed with 1-way ANOVA followed by Dunnett test for multiple comparisons. EPO indicates erythropoietin; G-CSF, granulocyte colony-

stimulating factor; GRO/KC, growth-related oncogene/keratinocyte-derived chemokines; IFN-y, interferon-y; M-CSF, macrophage colony-stimulating
factor; RANTES, regulated on activation, normal T-cell expressed and secreted; TNF-q, tumor necrosis factor-ai; and VEGF, vascular endothelial

growth factor.

Arterioscler Thromb Vasc Biol. 2021;41:1205-1217. DOI: 10.1161/ATVBAHA.120.315731

March 2021

1213

-
=
==
=
o
=
=
(=]
=
=
_—
(]
=
m
=
(]
m
(7]
L}
-
(=~]




[==)
=
1
(2]
Ll
(=]
—
[
(-]
w
—
=z
=
(—]
—_
=T
—
()
=
=T
(==
—

1202 ‘22 Yore | uo Aq Bio'sfeuno feye/:dny wouy papeojumoq

Kurosawa et al Celastrol Ameliorates Right Ventricular Failure

A Right Ventricle B Right Ventricle c
control vehicle celastrol (kDa) control vehicle celastrol
BSY #mem e o e e e ey 45-60 . )
CyPA T SN e A Bt ] S LvDd LVEF
Tubulin se s S = == 55 s g (mm) (%)
Bs s 5 i o )
g CyPA . . 10 — 100
2 5 * 3 4 *
5 * * 84 80 -
g 2 4 1 control 10, * *
@ i 6 1 60 1
2 mm vehicle 8
- = celastrol 6 4 4 40 +
£ 1 -
2 4
° 2 20 -
o 2
0- 0- 0 0 0
diastole systole E
. RVFAC TAPSE PAAT Cco Treadmill
E (%) * (mm) (ms) * (ml/min) % (m) % %
8 80 r— 1 44 % 40 1 * * 120 - 1000 4 M1
* % * *
© — i —r
i - I

vehicle

* %
3 {1 30 - 750 -
40 A 80 +
2 1 20 + 500 4
20 A 40 |
14 10 - 250 -
0 - 0 - 0 0 - o 1

RV homogenate (pg/mL) [ control EE vehicle [ celastrol

celastrol

M

IL-1a IL-16 IL-2 IL-4 IL-5 IL-6 IL-7 IL-10 IL-12 IL-13 IL-17A IL-18

70
* o * * P *

25 80 - 50 40 4 60 4 [l 500 60 4 A 25 1 800 41
500 * — L *
m * * —
™M — ]
20 50 4 400 40 400 * 3 4 20 500
40 4 a0 4™
15 300 30 300 15 4
40 4 20 40 2 400
10 200 20 200 10 A
20 20 4
J 1 4
5 2 100 10 100 5 00
0 04 0 0 04 0 4 0 0 0 4 0 - 0 0

M-CSF G-CSF IFN-y  TNF-a VEGF MCP-1 MIP-1a RANTES MIP-3a GRO/KC

EPO
*
400 1 30 - 150 1 % 200 600 1 80 500 40 500 1
— * *
25 * — M
] = ]
300 1580 A 80 400 30 400
20 4 100 4 400 4
300 300 4
200 15 100 A 40 20
200 200
10 4 50 200
100 50 A 20 10
s ] 100 100 1
0 04 0 0 E 0 0 0 0 4

Figure 6. Celastrol ameliorates right ventricular dysfunction.

A, Quantification of Bsg (basigin) and CyPA (cyclophilin A) in right ventricular (RV) homogenates after the treatment with celastrol or vehicle

(n=4). B, Up, representative pictures of Elastica-Masson (EM) staining of distal pulmonary arteries of SU5416/hypoxia-induced PH in rats after the
treatment with celastrol or vehicle. Scale bar, 50 um. Down, quantitative analysis of interstitial fibrotic area in RV of SU5416/hypoxia-induced PH

in rats after the treatment with celastrol or vehicle (n=12 each). C, Echocardiographic measurement of left ventricular diastolic diameter (LVDd) and
left ventricular ejection fraction (LVEF) (n=12 each). D, Left, representative echocardiographic images. Right, echocardiographic measurement of
RV diastolic diameter (RVDd), RV fractional area change (RVFAC), tricuspid annular plane systolic excursion (TAPSE), pulmonary artery acceleration
time (PAAT), and cardiac output (CO) (n=12 each). E, Walking distance assessed by treadmiill test (h=12 each). F, Levels of cytokines/chemokines
and growth factors in RV homogenates of SU5416/hypoxia-induced PH in rats after the treatment with celastrol or vehicle (n=4). Data represent
the meantSEM. *P<0.05. Comparisons of parameters were performed with 1-way ANOVA followed by Dunnett test for multiple comparisons. EPO
indicates erythropoietin; G-CSF, granulocyte colony-stimulating factor; IFN-y, interferon-y; M-CSF, macrophage colony-stimulating factor; MCP-1,
monocyte chemotactic protein-1; MIP, macrophage inflammatory protein; RANTES, regulated on activation, normal T-cell expressed and secreted;
TNF-a, tumor necrosis factor-a; and VEGF, vascular endothelial growth factor.

]*]*

1214 March 2021 Arterioscler Thromb Vasc Biol. 2021;41:1205-1217. DOI: 10.1161/ATVBAHA.120.315731



1202 ‘22 Yore |\ uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Kurosawa et al

DISCUSSION

In this study, we demonstrated that celastrol suppresses
protein levels of Bsg and CyPA with reduced proliferation,
oxidative stress, and inflammation, which ameliorates PH
and RV function in animal models of PH. These concepts
are based on the following findings; (1) the protein levels of
Bsgand CyPA in RVs were elevated in animal models of PH,
(2) cardiomyocyte- specific Bsg-overexpressing (Bsg-Tg)
mice showed exacerbated RV dysfunction under chronic
hypoxia, (3) celastrol inhibited proliferation, oxidative stress,
and inflammation through suppression of Bsg and CyPA
in PASMCs, (4) celastrol ameliorates hypoxia-induced PH
in mice, and (5) celastrol ameliorates SU5416/hypoxia-
induced PH and RV failure in rats through suppression of
Bsg and CyPA with reduced inflammation.

Cardiomyocyte-Derived Bsg Induces Fibrosis in
a Paracrine Manner

In the previous study, we demonstrated that severe left
ventricular (LV) fibrosis developed in Bsg-Tg mice after
transverse aortic constriction.’® In addition, it has been
reported that cardiomyocyte-derived Bsg induces MMPs
and activates them by oxidative stress and B-adrenergic
stimuli3* Also, membrane-bound Bsg can undergo pro-
teolytic processing by MMPs to yield a sBsg, which inter-
acts with membrane-bound Bsg on adjacent cardiac
fibroblasts to further stimulate the production of MMPs
and additional Bsg.®® These findings indicate that over-
expression of cardiomyocyte-specific Bsg leads to pres-
sure overload—induced LV fibrosis and failure by activating
MMPs with additional effects on cardiac fibroblasts in a
paracrine manner. Furthermore, it has been reported that
the role of MMPs in the right ventricle (RV) is important for
remodeling followed by RV failure.®” Importantly, treatment
with cyclosporine A (CyPA inhibitor) or anti-Bsg antibody
attenuated RV dysfunction induced by acute pulmo-
nary embolism in rats, reducing activities of MMP-2 and
MMP-9.38 In the present study, treatment with conditioned
medium from cardiomyocytes with Bsg plasmid increased
proliferation and ROS in RV-derived cardiac fibroblasts,
compared with conditioned medium from cardiomyocytes
with control plasmid group. Taken together, these results
suggest that Bsg overexpression in cardiomyocytes can
affect cardiac fibroblasts in a paracrine manner, leading to
fibrosis in the RVs of Bsg-Tg mice under pressure overload.

Bsg and CyPA Deteriorates RV Function

Protein levels of Bsg and CyPA in RVs were significantly
elevated in animal models of PH. Additionally, Bsg over-
expression in the heart promoted RV dysfunction under
chronic hypoxia. Indeed, we previously showed that Bsg
promotes cardiac fibrosis and failure in LVs in response
to chronic pressure-overload in mice, in which Bsg is
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stimulated by CyPA, angiotensin I, mechanical stretch,
and sBsg itself.’® Stimulated Bsg activates Akt and ERK,
inducing proliferation, oxidative stress, inflammation, and
MMP activation with increased secretion of inflammatory
cytokines and sBsg in fibroblasts, which leads to cardiac
hypertrophy and fibrosis.'® Also, it is reported that cardiac
myocytes can increase the secretion of CyPA and expres-
sion of Bsg in response to hypoxia in vitro or ischemia in vivo
to initiate prosurvival signaling in an autocrine fashion.®®
Thus, we think that PH (elevation of RVSP) induces Bsg
and CyPA in pressure-overloaded RVs, increasing secre-
tion of sBsg, CyPA, and inflammatory cytokines. These
findings suggest that Bsg and CyPA play a crucial role in
the development of RV failure under pressure-overload.

Celastrol As a Suppressor of Bsg and CyPA

Since agents targeting either Bsg or CyPA activity showed
significant anti-inflammatory effects in various animal
models, Bsg-CyPA interactions may be a good target for
new anti-inflammatory therapeutics.?6?” For indirect Bsg
inhibition, berberine, resveratrol, and curcumin have been
reported to inhibit Bsg expression through regulation of
mitogen-activated protein kinase and ROS.“"*? |nhibi-
tion of Bsg using anti-Bsg monoclonal antibody provided
a >b0% reduction of inflammation in mouse models of
acute lung inflammation, asthma, and rheumatoid arthri-
tis* ABX-CBL is a murine IgM monoclonal antibody
against the Bsg antigen, and a phase 2/3 multicenter ran-
domized clinical trial showed effectiveness of ABX-CBL
on graft-versus-host disease therapy.** Antagonistic pep-
tides derived from extracellular domains of Bsg*® or RNAI
approach? are also attractive, but there is no report in vivo.
Another arm of the Bsg-CyPA axis is cyclophilin-targeting
drugs, and cyclosporine and FK-506 have been used for
many years as immunosuppressors. However, immuno-
suppressive activity would cause an unwanted complica-
tion in the clinical use of these drugs as anti-inflammatory
agents. Nonimmunosuppressive cyclosporine derivative,
NIM811, exerted a potent anti-inflammatory activity, com-
parable to that of unmodified cyclosporine, in a mouse
model of acute lung inflammation.*” However, any of these
therapeutics awaits further studies for clinical applications.

We previously identified celastrol as a suppressor of
Bsg and CyPA, which reduced expression of Bsg and
CyPA in PASMCs and cardiomyocytes, ameliorating LV
failure and postcapillary PH in response to pressure-over-
load.?" In the present study, we demonstrated that celas-
trol suppresses levels of Bsg, CyPA, and inflammation in
these 3 cell types including PASMCs, cardiac fibroblasts,
and cardiomyocytes. Many previous studies about celas-
trol revealed that therapeutic properties of celastrol are in
inflammatory diseases, including rheumatoid arthritis, sys-
temic lupus erythematosus, inflammatory bowel diseases,
osteoarthritis, and allergy, as well as in cancer, neurode-
generative disorders, diabetes, obesity, atherosclerosis,
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and hearing loss.?® Accumulating evidence indicates that
the anti-inflammatory, anticancer properties of celastrol
can be mainly attributed to its ability to inhibit NF-kB, a
central player in inflammation and cancer, because inhi-
bition of NF-xB reduces proinflammatory cytokine pro-
duction,*®* MMP-2, MMP-9,%° and ROS.?° Here, celastrol
is a main component of the root extracts of Tripterygium
wilfordii plant, which is used in Chinese medicine to treat
immunologic disorders, including rheumatoid arthritis, evi-
denced by many clinical trials.?® Therefore, we think that
celastrol has hopeful properties and could be a safe drug
for the clinical use in the future.

In the present study, we found that celastrol reduces
inflammatory cytokines and ROS levels via suppression
of Bsg and CyPA in vitro and in vivo. Also, many studies
showed that Bsg promotes CyPA-induced inflammation
via mitogen-activated protein kinases and the NF-kB
signaling pathway.?'%? Therefore, these facts may imply
that one of the main mechanisms of celastrol is inhibition
of Bsg and CyPA, which reduces NF-kB, inflammatory
cytokines, and ROS levels.

Study Limitations

There are some limitations to the present study. First, we
found that celastrol treatment ameliorated RV dysfunction
induced by pressure-overload, but it may be partially due
to the reduced RVSP by direct effects on PASMCs. Sec-
ond, we were unable to clearly show that celastrol ame-
liorates PH completely through suppression of Bsg and
CyPA because it is technically difficult to show that over-
expression of Bsg or CyPA cancels the effect of celastrol.

Clinical Implications and Conclusions

We found that protein levels of Bsg and CyPA in RVs were
elevated in animal models of PH, which exacerbates pres-
sure-overloaded RV dysfunction. Furthermore, celastrol, as
a suppressor of Bsg and CyPA, successfully ameliorated
PH and RV function in hypoxia-induced PH in mice and
SUB416/hypoxia-induced PH in rats. In conclusion, celas-
trol could be a promising drug that targets Bsg and CyPA
for the treatment of patients with PAH and RV failure.
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