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HIGHLIGHTS

� The reactive oxygen species–generating enzyme Nox2 is up-regulated in the leaflets of both rabbit and human with CAVD.

� Nox2 is markedly induced in cultured porcine AVICs after osteogenic stimulation. Knockdown of endogenous Nox2

substantially suppressed AVIC calcification.

� Celastrol, a natural compound capable of inhibiting Nox2 activity, significantly decreased AVIC calcification in vitro, and

mitigated the severity of aortic valve fibrosis, calcification, and stenosis in a rabbit model of CAVD in vivo.

� The protective effects of celastrol may, in part, involve the inhibition of Nox2-mediated glycogen synthase kinase 3 beta/

b-catenin pathway.
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ABBR EV I A T I ON S

AND ACRONYMS

AV = aortic valve

AVIC = aortic valvular

interstitial cell

CAVD = calcific aortic valve

disease

GSK3B = glycogen synthase

kinase 3 beta

HC = high cholesterol

LV = left ventricular

Nox2 = reduced nicotinamide

adenine dinucleotide

phosphate oxidase 2

OGM = osteogenic medium

OPN = osteopontin

ROS = reactive oxygen species

Runx2 = runt-related

transcription factor 2

vitD2 = vitamin D2
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This study sought to investigate whether reactive oxygen species (ROS)–generating reduced nicotinamide

adenine dinucleotide phosphate oxidase 2 (Nox2) contributes to calcific aortic valve disease (CAVD) or whether

celastrol, a natural Nox2 inhibitor, may provide potential therapeutic target for CAVD. CAVD is an active and

cellular-driven fibrocalcific process characterized by differentiation of aortic valvular interstitial cells (AVICs)

toward an osteogenic-like phenotype. ROS levels increase in calcified aortic valves, while the sources of ROS

and their roles in the pathogenesis of CAVD are elusive. The roles of Nox2 and the effects of celastrol were

studied using cultured porcine AVICs in vitro and a rabbit CAVD model in vivo. Nox2 proteins were significantly

upregulated in human aortic valves with CAVD. In vitro, Nox2 was markedly induced upon stimulation of AVICs

with osteogenic medium, along with the increases in ROS production and calcium nodule formation. Celastrol

significantly decreased calcium deposition of AVICs by 35%, with a reduction of ROS generation. Knockdown of

endogenous Nox2 substantially suppressed AVIC calcification by 39%, the inhibitory effect being similar to

celastrol treatment. Mechanistically, either celastrol treatment or knockdown of Nox2 significantly inhibited

glycogen synthase kinase 3 beta/b-catenin signaling, leading to attenuation of fibrogenic and osteogenic re-

sponses of AVICs. In a rabbit CAVD model, administration of celastrol significantly reduced aortic valve ROS

production, fibrosis, calcification, and severity of aortic stenosis, with less left ventricular dilatation and better

preserved contractile function. Upregulation of Nox2 is critically involved in CAVD. Celastrol is effective to

alleviate CAVD, likely through the inhibition of Nox2-mediated glycogen synthase kinase 3 beta/b-catenin

pathway in AVICs. (J Am Coll Cardiol Basic Trans Science 2020;5:35–49) Crown Copyright © 2020 Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
C alcific aortic valve disease (CAVD) is
currently the third most prevalent cardio-
vascular disease after coronary artery dis-

ease and hypertension, affecting up to 25% of the
population over the 65 years of age in developed
countries (1). In CAVD, the leaflets become thickened,
fibrosed, stiffened, and calcified, resulting in valve
sclerosis and progressive aortic stenosis, in which he-
modynamic obstruction leads to cardiac hypertrophy
and eventually heart failure, if untreated, with signif-
icant morbidity and mortality (2). To date, aortic
valve (AV) replacement or implantation is the only
viable clinical option with no long-life guarantee,
and there are no effective drug interventions to delay
artment of Cardiology, First Affiliated Hospital of Xinxiang M

enan, China; bDepartment of Ultrasonography, First Affiliate

tment of Thoracic Surgery, First Affiliated Hospital of Xinxiang

r Medicine & Sciences, King’s College London British Heart F

m. *Drs. Liu, Wang, and Pan contributed equally to this work

al Natural Science Foundation of China (81470506), Key Scienti

ince (18A320005), Key Research Project of the Heart Center of

echnology Research Project in Henan Province (142300410191),

hang, RG/13/11/30384 to Dr. Shah). The authors have report

is paper to disclose.

ttest they are in compliance with human studies committees

Food and Drug Administration guidelines, including patient co

ic to Translational Science author instructions page.

ceived July 31, 2019; revised manuscript received September 2
or retard its progression (3). There is, therefore, a ma-
jor unmet clinical need to identify other therapies
capable of treating this disease.

It has been widely accepted that CAVD is an active
and cellular-driven fibrocalcific disease, rather than a
passive degeneration and inexorable consequence of
aging (4). At the microstructural level, a hallmark of
CAVD is extensive fibrotic collagen accumulation and
the presence of calcium-rich nodules on the valve
surface and within the annulus region. Although the
fibrotic and calcific mechanisms underlining CAVD
are not fully understood, an increasing evidence from
in vivo and in vitro studies suggests that activation of
aortic valvular interstitial cells (AVICs) and their
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transdifferentiation into osteoblastic-like cells ap-
pears to be a central step in the disease initiation and
development (5). This phenotypic switch of quiescent
AVICs to osteogenic myofibroblasts is supported by
gene-profiling findings of increased valvular expres-
sion of osteoblast-specific marker proteins, such as
osteopontin (OPN), and transcription factor, runt-
related transcription factor 2 (Runx2), which is
essential for osteoblastic differentiation (1). A number
of molecules and signaling pathways have been
identified to be critical in the regulation of AVIC dif-
ferentiation, including the Notch (6) and Wnt/b-cat-
enin pathways (7).
SEE PAGE 50
The pathogenesis of CAVD is complex while pre-
vious studies suggest that reactive oxygen species
(ROS) may be implicated in the cellular and extra-
cellular alternations during the process of CAVD.
Evidence of increased ROS generation and decreased
antioxidants has been shown both in experimental
animal models of CAVD and in calcified region of
human stenotic valves (8–11). The findings that in-
creases in ROS precede AV dysfunction in a mouse
CAVD model suggest that oxidative stress may be
causative, not merely the readout of valve calcifica-
tion and dysfunction (8). Moreover, exogenous ROS
promotes calcification of AVICs by activating profi-
brotic and pro-osteogenic signaling such as Runx2
(11), strongly indicating that oxidative stress may
precede the transdifferentiation of AVICs to an oste-
oblastic phenotype. However, the sources of ROS and
their roles in CAVD remain elusive.

Reduced nicotinamide adenine dinucleotide
phosphate oxidase 2 (Nox2) is a member of the Nox
family proteins, which are major ROS sources in
cardiovascular system (12). Nox enzymes produce
ROS as their primary function and are therefore
especially important in redox signaling. Nox2 is
widely expressed in cardiac and vascular cells and is
acutely activated by agonists, metabolic factors, or
mechanical forces in a process that involves associ-
ation with p47phox, p67phox, p40phox, and Rac1 cyto-
solic subunits. A large number of studies indicate
that Nox2 is a pivotal player in the pathogenesis of
diverse cardiovascular diseases including cardiac
hypertrophy, fibrosis and remodeling (13), as well as
inflammation, metabolic disorders, and atheroscle-
rosis (14). Interestingly, it was reported that Nox2
might be involved in vascular calcification (15,16). A
few studies showed that the expression levels of
Nox2 were altered in calcified aortic valves (9,17). It
is unknown, however, whether Nox2 contributes to
CAVD or whether its involvement may provide a
potential therapeutic target in the development of
CAVD.

Celastrol, a pentacyclic triterpene naturally extrac-
ted from the roots of the Chinese Thunder God wine
Tripterygium wilflordii, has long been used for the
treatment of cancer, neurodegeneration and autoim-
mune diseases (18). Celastrol was recently identified as
a leptin sensitizer and potential novel antiobesity drug
(19,20). Celastrol also exhibits protection against
inflammation (21), fibrosis (22), metabolic disorders
(23), and atherosclerosis (24), all being risk factors of
CAVD and characterized by an increase in ROS pro-
duction. Of note, celastrol may block ROS generation
as a potent Nox inhibitor with higher potency against
Nox2 (25). However, whether celastrol has any bene-
ficial effect on CAVD has not been investigated.

Here, we explore the hypothesis that Nox2 intrin-
sically contributes to the development of CAVD. Us-
ing cultured AVICs in vitro and a rabbit CAVD model
in vivo, we found that celastrol inhibits Nox2-
mediated glycogen synthase kinase 3 beta (GSK3B)/
b-catenin pathway in AVICs, such that AV fibrocalci-
fication and stenosis are alleviated and cardiac func-
tion is improved.

METHODS

Detailed methods are provided in the Supplemental
Appendix.

The control noncalcified AVs and tricuspid calcified
AVs were explanted from patients undergoing valve
replacement surgery.

Primary porcine AVICs were isolated and cultured.
To induce calcification, cells were incubated with
osteogenic medium (OGM). AVICs were transfected
with adenoviral vectors expressing a short hairpin
sequence targeted against Nox2, human Nox2 (26),
green fluorescent protein (GFP), or b-galactosidase
(27).

Animal experiments were conducted in accor-
dance with institutional and national standards.
Male New Zealand White rabbits were fed 0.5%
cholesterol-enriched chow plus 25,000 IU/day
vitamin D2 (vitD2) in drinking water (28), with or
without celastrol treatment (1 mg/kg/day) for
18 weeks. Cardiac and AV function were assessed by
echocardiography.

Data are mean � SEM. Comparisons were made by
unpaired Student’s t-test or 1- or 2-way analysis of
variance as appropriate followed by Tukey’s post hoc
test for all pairwise group comparisons using a fam-
ilywise error rate. Correlations between continuous
variables were assessed using linear regression
models with goodness of fit evaluated using plots and

https://doi.org/10.1016/j.jacbts.2019.10.004
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FIGURE 1 Upregulation of Nox2 Levels in Human Aortic Valve Tissue With CAVD

(A) Alizarin red staining for calcified valve leaflet and immunohistochemistry for Nox2

expression. Scale bars: 100 mm. (B) Immunoblots (upper) and relative quantification

(lower) of calcification marker runt-related transcription factor 2 (Runx2) and reduced

nicotinamide adenine dinucleotide phosphate oxidase 2 (Nox2) proteins. n ¼ 5–8/group.

**p < 0.01, compared with noncalcific valves, Student’s unpaired t-test. All data are

mean � SEM. (C) Correlation of protein levels of Nox2 and Runx2 in aortic valve tissues

with calcified aortic valve disease (CAVD). n ¼ 18. The coefficients of determination (R2)

from linear regression analysis and p value are shown on the graph. A.U ¼ arbitrary

units.
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coefficients of determination (R2). Analyses were
performed on GraphPad Prism 8.0.0 for Windows
(GraphPad Software, San Diego, California). A
p value <0.05 is considered statistically significant.

RESULTS

NOX2 INCREASES IN HUMAN AVs WITH CAVD. We
first examined the changes of Nox2 expression in
human AVs with CAVD. In normal valves, the
expression of Nox2 was relatively low as revealed by
immunohistology (Figure 1A). By contrast, the
diseased valves with CAVD exhibited intense Nox2
accumulation around the calcified region throughout
the valves (Figure 1A). Quantification by Western
blots showed that the levels of Nox2 were signifi-
cantly upregulated around 2.6-fold in CAVD
compared with noncalcification valves, accompa-
nying with higher expression of calcific marker
Runx2 (Figure 1B). Moreover, the protein levels of
Nox2 were positively correlated with Runx2 proteins
as a surrogate marker of the severity of AV calcifica-
tion (Figure 1C).

NOX2 UP-REGULATION IS ASSOCIATED WITH

OSTEOBLAST DIFFERENTIATION OF AVICs. Next,
we investigate whether Nox2 up-regulation contrib-
utes to CAVD. As a phenotype transition of AVICs
from fibroblast-like to osteoblast-like cells plays a
major role in the development of CAVD, we isolated
and cultured porcine AVICs, and investigated
whether Nox2 expression was altered during the
process of osteoblastic differentiation of AVICs
in vitro. As shown in Figures 2A and 2C, compared
with control cells cultured in Dulbecco’s modified
Eagle medium, 14 days treatment of OGM resulted in
markedly calcification of AVICs, as revealed by dra-
matic formation of calcium nodules with Alizarin red
staining. Interestingly, Nox2 expression was signifi-
cantly increased in AVICs by immunofluorescence
staining after calcific induction (Figure 2A). The time-
course changes of Nox2 proteins were further exam-
ined by Western blots. The results showed that Nox2
was markedly induced upon stimulation of AVICs
with OGM for 7 days, and this up-regulation was
maintained up to 2 weeks (Figures 2B and 2D).
Importantly, this change profiling of Nox2 protein
was paralleled with increases in a typical osteogenic
marker OPN and classic calcification regulator Runx2
(Figures 2B and 2D), indicating that Nox2 up-
regulation is associated with osteoblast trans-
differentiation of AVICs.

CELASTROL HAS AN ANTIOSTEOGENIC EFFECT IN

AVICs VIA INHIBITION OF NOX2. We then evaluated
the effect of celastrol on cultured AVIC calcification
in vitro. Incubation of 10 nmol/l celastrol had no basal
effect on AVIC growth and viability (Supplemental
Figure 1A). However, compared with AVICs stimu-
lated by OGM, treatment with celastrol significantly
inhibited calcium deposition of AVICs by 35%
(Figure 3A), together with significant decrease in
Runx2 protein levels (Figure 3C). The attenuation of
AVIC calcification by 10 nmol/l celastrol was

https://doi.org/10.1016/j.jacbts.2019.10.004
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FIGURE 2 Nox2 Up-Regulation During AVIC Calcification

(A) Representative images of Alizarin red staining for calcium deposition (upper right) and Nox2 up-regulation in aortic valvular interstitial

cell (AVIC) detected by immunofluorescence (lower right). Scale bar: 100 mm. (B) Western blots showing time-course changes of protein

levels of osteogenic markers osteopontin (OPN), Runx2, and Nox2 in AVICs. (C) Quantification of calcium nodules formation of AVICs stim-

ulated by osteogenic medium for 14 days. n ¼ 5/group. (D)Mean data of protein immunoblots. n ¼ 5/group. *p < 0.05, **p < 0.01 compared

with respective control animals, Student’s unpaired t-test. All data are mean � SEM. Cal ¼ calcification; Ctl ¼ control;

GAPDH ¼ glyceraldehyde 3-phosphate dehydrogenase; other abbreviations as in Figure 1.
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accompanying with effective and significant reduc-
tion of ROS generation, as evaluated by dihydroethi-
dium staining in situ (Figure 3B, Supplemental
Figures 1B and 1C). However, simply inhibition of
ROS with polyethylene glycol superoxide dismutase
(SOD) did not attenuate, but rather actually promoted
AVIC calcification (Supplemental Figure 2). This
result suggests that the antiosteogenic effect of
celastrol is likely achieved by specifically targeting
ROS-generator Nox2 rather than nonspecific ROS in-
hibition. Indeed, the calcification-induced up-regu-
lation of Nox2 was significantly diminished by
celastrol treatment (Figure 3C).

To more directly investigate the role of Nox2 in
AVIC calcification, we studied the effects of specific
alternations of endogenous Nox2 by loss-of-function
and gain-of-function approaches. Compared with
GFP virus as control, Nox2 protein levels were
significantly down-regulated with shNox2 adenovirus
transfection both at baseline and after OGM stimu-
lation for 2 weeks (Figure 4B). Importantly, knock-
down of Nox2 substantially suppressed AVIC calcium
nodule formation by 39% (Figure 4A), the inhibitory
effect was similar to celastrol treatment. As expected,
the protein levels of calcification-related marker
Runx2 were also significantly abated by inhibition of
Nox2 (Figure 4B). Conversely, overexpression of Nox2
significantly enhanced AVIC calcium deposition and
Runx2 protein after OGM stimulation (Supplemental
Figure 3), supporting the intrinsic contribution of
Nox2 to AVIC mineralization. No significant pheno-
type change was observed in Nox2-overexpressing
AVICs cultured in normal media even for 2 weeks
(Supplemental Figure 3), consistent with the fact
that Nox2 is dormant unless activated by disease
stimuli.

CELASTROL INHIBITS GSK3B/b-CATENIN SIGNALING IN

AVICs. Previous works showed that GSK3B and b-
catenin pathways are crucial regulators in the devel-
opment of fibrogenesis and osteogenesis of AVs
(7,29). We found that stimulation of AVICs with OGM
caused GSK3B inactivation via phosphorylation of
serine 9 (S9) and resulted in b-catenin accumulation,

https://doi.org/10.1016/j.jacbts.2019.10.004
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FIGURE 3 Celastrol Attenuates AVIC Calcification In Vitro

(A) Calcium deposition by Alizarin red staining with or without celastrol (Cel) (10 nmol/l) treatment. Scale bar: 100 mm. Mean data shown at

the right. n ¼ 5/group. (B) Reactive oxygen species (ROS) production in AVICs evaluated by hydroethidine (dihydroethidium [DHE]) staining.

Scale bar: 100 mm. Mean data shown at the right. n ¼ 5/group. (C) Protein levels of Runx2 and Nox2. n ¼ 5/group. *p < 0.05, **p < 0.01,

compared with respective control animals, #p < 0.05, ##p< 0.01, compared with calcification without celastrol treatment, 2-way analysis of

variance with a post hoc Tukey’s test. All data are mean � SEM. Abbreviations as in Figures 1 and 2.
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leading to increases in fibrotic marker fibronectin
and osteogenic marker OPN (Figure 5A). Treatment
with celastrol significantly inhibited GSK3B phos-
phorylation and b-catenin induction, and attenuated
fibronectin and OPN protein levels (Figure 5A).
Moreover, compared with green fluorescent protein
controls, knockdown of Nox2 recapitulated the
inhibitory effects of celastrol on GSK3B/b-catenin
signaling, along with significant inhibition of fibro-
genetic and osteogenetic response of AVICs, as evi-
denced by reduced levels of fibrotic marker
fibronectin and calcific marker OPN (Figure 5B).



FIGURE 4 Knockdown of Endogenous Nox2 Inhibits AVIC Calcification

(A) Downregulation of Nox2 with shNox2 adenovirus decreases calcium deposition in AVICs. Scale bar: 100 mm. Mean data shown at the right.

n ¼ 5/group. (B) Immunoblots (left) and relative quantification (right) for Runx2 and Nox2 in AVICs. n ¼ 5/group. *p < 0.05, **p < 0.01,

compared with respective control animals; #p < 0.05, ##p < 0.01, compared with calcification of AVICs transfected with green fluorescent

protein (GFP) virus, †p < 0.05, compared with GFP alone, 2-way analysis of variance with a post hoc Tukey’s test. All data are mean � SEM.
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CELASTROL MITIGATES AORTIC STENOSIS IN A

RABBIT MODEL OF CAVD. To further investigate the
protective role of celastrol against CAVD in vivo, we
used a classical rabbit model of aortic stenosis, which
is similar to human clinical condition (28,30). With
safety concern regarding the clinical use of celastrol,
we first examined if celastrol had any side effects in
rabbits. There was no evidence of liver damage or
renal dysfunction with oral administration of celas-
trol at the dosage of 1 mg/kg/day for 18 weeks by
histology and plasma biochemical analysis
(Supplemental Figures 4A and 4B). In addition, we
did not observe any cardiac toxic effect of celastrol at
baseline in terms of normal heart weight-to-body
weight ratio, heart rates and ejection fraction
(Supplemental Figure 4C).

Eighteen weeks’ high-cholesterol (HC) plus vitD2
diet resulted clearly in aortic stenosis evaluated by
echocardiography. Compared with normal-diet con-
trol animals, HCþvitD2-treated rabbits displayed sig-
nificant decreases in AV area and AV area indexed by
body surface area, accompanied by markedly
enhanced transvalvular peak and mean jet velocity
(Figure 6). Rabbits fed with HCþvitD2 also exhibited
ventricular dilatation (Figure 7A) and contractile
impairment (Figure 7B) without changes of heart rates
(Figure 7C), as well as exaggerated cardiac hypertro-
phy in terms of greater heart weight-to-body weight
ratio (Figure 7D), increased interventricular septum
and left ventricular (LV) posterior wall thickness by
echocardiography (Figure 7F), and bigger car-
diomyocyte size by wheat germ agglutinin staining
(Figure 7G). We documented the similar body weight
among groups, while rabbits actually exhibited slight
but not significant body weight loss after 18 weeks’
HCþvitD2 diet compared with chow diet control ani-
mals (Figure 7E).

Strikingly, administration of celastrol significantly
mitigated the severity of aortic stenosis. Compared
with HCþvitD2-fed rabbits, celastrol treatment sub-
stantially mitigated decrease in mean AV area by
12.7%, and the alleviation was still significant after

https://doi.org/10.1016/j.jacbts.2019.10.004
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FIGURE 5 The Antifibrocalcific Effect of Celastrol in AVICs Engages Inhibition of GSK3B/b-Catenin Pathway

(A) Western blots (left) and relative quantification (right) of glycogen synthase kinase 3 beta (GSK3B) inactivation, b-catenin, fibrotic marker fibronectin, and oste-

ogenic marker OPN in AVICs with or without celastrol treatment (10 nmol/l, 14 days). n ¼ 5/group. *p < 0.05, **p < 0.01, compared with respective control animals;

#p < 0.05, ##p < 0.01, compared with calcification of AVICs without celastrol treatment. (B) The effect of knockdown endogenous Nox2 on GSK3B/b-catenin signaling.

n ¼ 5/group. *p < 0.05, **p < 0.01, compared with respective control animals; ##p < 0.01, compared with calcification of AVICs transfected with green fluorescent

protein (GFP) virus, 2-way analysis of variance with a post hoc Tukey’s test. All data are mean � SEM. p-GSK3B ¼ phosphorylated glycogen synthase kinase 3 beta;

other abbreviations as in Figures 1 to 4.
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adjustment for body surface area (Figure 6). More-
over, transvalvular peak and mean jet velocity were
significantly decreased by 22% and 26%, respectively,
compared with CAVD rabbits (Figure 6). These data
therefore indicate that celastrol is effective to protect
against aortic stenosis in rabbits in vivo. Consistent
with this, animals treated with celastrol also devel-
oped less LV dilatation with better-preserved cardiac
function than did HCþvitD2-fed rabbits (Figures 7A
and 7B). However, celastrol had no significant pro-
tective effect on cardiac hypertrophy compared with
CAVD hearts (Figures 7D, 7F, and 7G).

CELASTROL ATTENUATES AV FIBROSIS AND

CALCIFICATION IN CAVD RABBIT. Histological
staining demonstrated thickened valve leaflets with
increased calcium deposits by Alizarin red staining in
AVs of HCþvitD2 rabbits (Figures 8A and 8B), as well as
enhanced calcific marker OPN expression by reverse
transcriptase polymerase chain reaction analysis
(Figure 8C). We also observed markedly increased
fibrotic marker fibronectin by immunohistochemistry
(Figures 8A and 8B). The enhanced fibrosis was further
confirmed by Masson’s trichrome staining in
HCþvitD2-treated rabbits (Figures 8A and 8B). Celas-
trol treatment markedly reduced HCþvitD2-induced
calcium deposits (Figures 8A and 8B), OPN messenger
RNA levels (Figure 8C), and fibronectin and fibrosis
positive staining area (Figures 8A and 8B), supporting
the beneficial effect of celastrol against AV fibrosis
and calcification. Of note, Nox2 expression levels
significantly increased in AVs of HCþvitD2-fed rab-
bits analyzed by both immunostaining and reverse
transcriptase polymerase chain reaction, accompa-
nied by enhanced ROS generation by in situ dihy-
droethidium fluorescence, all of which, however,
were substantially attenuated by celastrol treatment
(Figures 8A, 8C, and 8D). Compared with normal
tissues, messenger RNA levels of several antioxidant
enzymes including copper-zinc superoxide dismut-
ase (SOD1), manganese superoxide dismutase
(SOD2), and thioredoxin were significantly



FIGURE 6 Effect of Celastrol on Aortic Valves in a CAVD Rabbit Model Assessed by Echocardiography

(A) Representative 2-dimensional echocardiographic images of the aortic valve cusps from the parasternal long-axis (top) and short-axis (middle) views, and

continuous pulsed-wave Doppler (bottom) at 18 weeks. In control rabbits fed a chow diet, the aortic valves exhibit a thin structure that is a barely visible. However,

CAVD rabbits fed a high-cholesterol diet and vitamin D2 supplements exhibited stenosis evidenced by thickened and hyperechogenic valves (arrows), as well as

increased aortic flow velocity. Treatment with celastrol (CAVDþCel) alleviated aortic valve stenosis. (B)Mean data of the aortic valve area (AVA), AVA indexed by body

surface area, transvalvular peak, and mean flow velocity (see Methods for calculation details). n ¼ 6/group. **p < 0.01, compared with control animals; #p < 0.05,

##p < 0.01, compared with CAVD group, 1-way analysis of variance with a post hoc Tukey’s test. All data are mean � SEM. Abbreviations as in Figures 1–3.
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decreased in calcified valves, while extracellular
superoxide dismutase (SOD3) and thioredoxin
interacting protein were unchanged (Supplemental
Figure 5). Interestingly, celastrol trended to
improve antioxidant system in AV, but did not
reach significance compared with that of HCþvitD2
rabbits (Supplemental Figure 5).

Compared with chow diet–fed control animals,
plasma levels of low-density lipoprotein cholesterol,
total cholesterol, triglyceride, and calcium concen-
tration were significantly elevated in HCþvitD2 rab-
bits (Supplemental Figure 6). Administration of
celastrol significantly decreased low-density
lipoprotein cholesterol, total cholesterol, and tri-
glyceride levels compared with HCþvitD2 animals,
though it had no effect on plasma calcium levels
(Supplemental Figure 6). Interestingly, this beneficial
effect of celastrol on cholesterol metabolism was not
due to the less consumption of HC-enriched chow, as
we did not find any significant effect of celastrol on
food intake and body weight of rabbits fed with either
normal diet or HCþvitD2 chow (Supplemental
Figure 7), although it was reported that celastrol
may protect against metabolic dysfunction and
obesity in mice (19,31).
DISCUSSION

In this study, we found Nox2 levels increase in human
calcified AVs. An elevation of Nox2 promotes AVIC
fibrocalcification by activating GSK3B/b-catenin
pathway. Knockdown of endogenous Nox2 sup-
presses, by contrast, overexpression of Nox2 en-
hances AVIC calcium nodule formation. This result
indicates that an increase in Nox2 may have detri-
mental effect on AVIC mineralization. Celastrol, a
natural herb extract capable of inhibiting Nox2 ac-
tivity, significantly ameliorates AVIC osteoblastic
differentiation. More strikingly, using a rabbit model
of CAVD, administration of celastrol in vivo before
the development of aortic stenosis is effective to
prevent the development of AV fibrosis, calcium de-
posit, stenosis, and hemodynamic obstruction, such
that cardiac function is significantly improved.

It is well established that increased oxidative
stress is a central pathophysiological component of
numerous cardiovascular diseases including inflam-
mation, metabolic disorder, and atherosclerosis (14),
all of which are risk factors of CAVD (32). Over last
decade, increasing evidence lends credence to the
concept that ROS also play important roles in the

https://doi.org/10.1016/j.jacbts.2019.10.004
https://doi.org/10.1016/j.jacbts.2019.10.004
https://doi.org/10.1016/j.jacbts.2019.10.004
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FIGURE 7 Celastrol Improves Cardiac Function in CAVD Rabbit

(A) Left ventricle internal diameter at end-diastole (LVIDd) and at end-systole (LVIDs); (B) ejection fraction (EF); (C) Heart rates; (D) heart weight-to-body weight ratio

(HW/BW); (E) body weight; (F) interventricular septum thickness at end-diastole (IVSd) and at end-systole (IVSs) and LV posterior free wall during diastole (LVPWd)

and systole (LVPWs). (G) Representative sections for cardiomyocyte area by wheat germ agglutinin staining. Scale bar: 50 mm. Mean data shown at the right. n ¼ 5 to 6/

group. *p < 0.05, **p < 0.01, compared with control animals; #p < 0.05, ##p < 0.01, compared with CAVD group, 1-way analysis of variance with a post hoc Tukey’s

test. All data are mean � SEM. Abbreviations as in Figures 1–3.
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development of CAVD, although the specific origin
and contribution of ROS are in debate. It was reported
ROS were significantly increased in the calcified and
pericalcific region of valves from patients with end-
stage AV stenosis (10). Although infiltration of in-
flammatory cells is evident within disease valves, in a
rabbit model of CAVD, the topography of increased
ROS signals is preferentially around calcifying foci
from cells expressing osteogenic markers, but not
macrophage markers (9). This strongly reflects the
critical role of ROS as signaling molecular in valvular
cell differentiation during the process of CAVD. We
found that ROS levels significantly enhanced in
cultured AVICs stimulated with osteogenic medium,
further highlighting the implication of oxidative
stress in osteoblast transdifferentiation of AVICs,
which is the key component of pathogenesis of CAVD.

Several ROS sources may in principle contribute to
ROS production and oxidative stress including mito-
chondria, uncoupled nitric oxide synthases, xanthine
oxidases, and Nox enzymes. Among these sources,
substantial studies indicate that Nox seem to play the
central role in cardiovascular pathophysiology (12). Of
7 Nox homologues (Nox1 to Nox5, Duox1, and Duox2)
have been identified in mammals so far, Nox2 (also
termed as gp91phox) is most widely expressed in the
heart and within vasculature. Previous studies from
both experimental models and human showed that
cardiac Nox2 activity and protein levels are elevated
in adverse cardiac remodeling and heart failure



FIGURE 8 Celastrol Alleviates Aortic Valve Fibrosis and Calcification in Rabbits

(A) Representative microscopy images of aortic valves. Compared with control groups, CAVD rabbits fed a high-cholesterol diet and vitamin

D2 supplements develop thickened and calcified valves by Alizarin red stain, increased fibrosis by Masson trichrome stain, enhanced

fibronectin and Nox2 expression by immunohistochemical staining, and elevated ROS production by DHE fluorescence. Administration of

celastrol significantly alleviates these changes. Scale bar: 100 mm. (B) Quantification of percent positive areas. n ¼ 6/group. (C) Messenger

RNA levels of OPN and Nox2 in aortic valves. n ¼ 6/group. (D) Mean data of DHE density. n ¼ 3/group. *p < 0.05, **p < 0.01, compared

with control animals; #p < 0.05, ##p < 0.01, compared with CAVD group, 1-way analysis of variance with a post hoc Tukey’s test. All data are

mean � SEM. Abbreviation as in Figures 1–3.
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(27,33–35), and vascular pathologies such as hyper-
tension and atherosclerosis (36). However, its
changing profile and biological role in CAVD remain
unclear. It was reported that Nox2 messenger RNA
levels increased in calcified AV of LDLr–/–/ApoB100/100

mice fed a Western-type diet (17). However, other
studies did not find Nox induction in calcifying valve
segments, and there was no significant difference in
Nox-dependent ROS generation measured by lucige-
nin chemiluminescence between normal and disease
human valves (10). This discrepancy could be prob-
ably related to the viability of patients who were
receiving drugs such as statins which are capable of
inhibiting Nox. In addition, reduced nicotinamide
adenine dinucleotide phosphate–dependent lucige-
nin chemiluminescence is an imperfect method to
examine Nox activity (37). We found that Nox2 levels
in noncalcified human AVs were variable but gener-
ally low, and the variation could be explained by the
effect of other comorbidities such as aging and dia-
betes. However, Nox2 proteins substantially increase
around 2.6-fold in human calcified valves compared
with noncalcification leaflets, which was further
validated by immunohistology showing that the
intense Nox2 accumulation are around the calcified
region in diseased valves. The higher Nox2 expres-
sion was also observed in calcified AVs of rabbits
given an HCþvitD2 diet, which is consistent with
previous findings (9). Furthermore, our studies
revealed that the protein levels of Nox2 up-regulation
are in line with the severity of both cultured AVIC
osteoblastic differentiation and the degree of human
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AV calcification. Importantly, with the use of com-
plementary adenovirus-mediated silence and over-
expression approaches, we show for the first time that
Nox2 promotes AVIC calcification.

Although it has been increasingly recognized that
Nox2 could be an attractive candidate as a potential
therapeutic target, specific and effective Nox2 in-
hibitors are not clinically available. Another issue to
consider with respect to targeted Nox2 inhibition is
the potential to compromise neutrophil function, but
previous work showed that this requires very sub-
stantial Nox2 inhibition (38), thus safe therapeutic
targeting of cardiovascular Nox2 could be feasible.
Celastrol, a plant-derived constituent of traditional
Chinese medicine, has been shown as a preferable
Nox2 inhibitor through interference with interaction
between the tandem SH3 domain of p47phox and the
proline-rich region of p22phox, which is essential for
Nox2 activation (25). Celastrol may also inhibit Nox1
via disrupting the binding of NOXO1 and p22phox (25),
but Nox1 is undetectable in AVICs (data not shown).
We found that treatment of AVICs with celastrol
markedly decreased ROS generation and significantly
attenuated calcium nodule formation by 35%, the
inhibitory effect similar to silencing endogenous
Nox2. Next, we investigated whether celastrol could
exert protection in vivo using an established rabbit
CAVD model (28). One concern regarding the clinical
use of celastrol is its relatively narrow therapeutic
window of dose together with the occurrence of some
adverse side effects (39). Hematoxylin and eosin–
stained histological liver and kidney sections and
serum chemistry analysis demonstrated the absence
of any readily apparent drug toxicity in rabbits with
the dosage used in this study. Strikingly, adminis-
tration of celastrol for 18 weeks significantly miti-
gated the degree of AV calcification by Alizarin red
staining, and alleviated the severity of aortic stenosis
by more than 20% in terms of transvalvular jet ve-
locity assessed by echocardiography. This finding
represents to the best of our knowledge the first
beneficial effect of celastrol on CAVD that has so far
been identified. Accordingly, compared with CAVD
rabbits, animals receiving celastrol developed less LV
dilatation with better preserved contractile function
without significant changes of cardiac hypertrophy.
On the basis of the fact that both increased afterload
and HCþvitD2 diet can activate Nox2 in the myocar-
dium leading to chamber dilatation and heart failure,
it is quite plausible that the protective effect of
celastrol on the heart may likely result from either
improved hemodynamics or direct inhibition of car-
diac Nox2, or both. In addition, celastrol treatment
decreased Nox2 levels both in AVICs with osteogenic
stimulation and in calcified rabbit valves, the effect
may be related to less induction of Nox2 by dimin-
ished calcification, and not by the direct action of
celastrol itself, as we did not notice celastrol has any
basal effect on Nox2 expression.

Celastrol has been recently put under the spotlight
for its protective impacts on obesity and metabolic
disorder (19,31); however, we did not document any
significant changes in body weight and food intake of
rabbit fed either with normal chow or HCþvitD2,
which could be attributable to the differences of
species, animal models, and dosages of celastrol.
Interestingly, we found that rabbits treated with
celastrol had lower low-density lipoprotein
cholesterol, total cholesterol, and triglyceride levels
compared with HCþvitD2-treated animals, the hypo-
lipidemic effect of celastrol was also reported in other
high fat diet models (31,40,41). The underlying
mechanisms probably involve in the activation of
HSF/PGC1a-dependent metabolic programs (31), and
increase in adenosine triphosphate–binding cassette
transporter A1 expression in the liver (41). The rela-
tionship between circulating cholesterol and CAVD
has not been established in humans because large
clinical trials failed to show any influence of lipid-
lowering therapy with statins on aortic stenosis
(42,43). However, statins are usually initiated after
the disease has developed to advanced stage.
Furthermore, as hypercholesterolemia is a causal risk
factor in animal CAVD models, early intervention to
lower plasma cholesterols could halt progression of
AV stenosis in mice (44). Therefore, we cannot
exclude the possibility that other pleiotropic or syn-
ergetic effects of celastrol such as protection against
metabolic dysfunction contribute to its efficacy;
however, the benefit of celastrol for the treatment of
CAVD in vivo is at least in part via Nox2 inhibition in
valvular cells.

There is strong evidence indicating the involve-
ment of canonical Wnt/b-catenin signaling cascades
in valve calcification. In active state, Wnt ligands bind
Frizzled receptor and LDL receptor–related protein
5/6, resulting in the inactivation of GSK3B by phos-
phorylation and attenuation of b-catenin degrada-
tion. As a result, b-catenin is stabilized, accumulates
in the cytoplasm, and translocates to the nucleus, and
subsequently drives the process of osteogenic differ-
entiation (45). Previous studies showed that canoni-
cal Wnt/b-catenin signaling is increased in calcified
valves from patients, experimental models, and
cultured AVICs (46–48). This was further supported
by our observation that osteogenic stimulation
enhanced GSK3B phosphorylation and b-catenin
accumulation in cultured AVICs. Importantly, silence
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of endogenous Nox2 significantly activates GSK3B by
inhibiting its phosphorylation and promotes b-cat-
enin degradation, placing Nox2 the upstream in
GSK3B/b-catenin signaling. Moreover, GSK3B may
also mediate Ca2þ-dependent noncanonical Wnt
signaling, in which Wnt-Frizzled receptor binding
leads to increased intracellular Ca2þ concentrations
from the endoplasmic reticulum (45). Interestingly,
Nox2 is critical to modulate cardiac calcium handling
in disease settings such as angiotensin II stimulation
(27). Although it was reported noncanonical Wnt
signaling is implicated in human AV calcification (7),
whether Nox2 enhances CAVD by regulating intra-
cellular Ca2þ in AVICs as well needs further
investigation.

CAVD is often termed a fibrocalcific disease
because a hallmark of CAVD initiation is fibrotic
collage accumulation that leads to sclerotic leaflets
(49,50). Ectopic calcium deposits forming within
these stiffened valves further decrease tissue
compliance, eventually resulting in valve stenosis.
Pathological process involved in CAVD may act in
parallel to promote valvular fibrosis and calcification.
We demonstrated that activation of Nox2-mdidated
GSK3B/b-catenin signaling promotes fibrogenic and
osteogenic responses in AVICs. Targeting this
pathway by either knockdown of Nox2 expression or
inhibition of Nox2 activity by celastrol in AVICs
clearly blocks GSK3B/b-catenin signaling and mark-
edly decreases fibrotic marker fibronectin and calcific
marker OPN. It was reported there were sex differ-
ences in the AV phenotypes, with female patients
demonstrating a more fibrotic AVs and males a more
calcific phenotype (51). Therefore, effective pharma-
cological treatment for CAVD may be different ac-
cording to sex and should ideally target both
profibrotic and procalcific signaling to slow progres-
sion of valvular dysfunction (50). The capability and
efficacy of celastrol in alleviating both valvular
fibrosis and calcium nodule formation in vivo make
this natural Nox2 inhibitor particularly interesting
and encouraging to assess as a potential therapy for
this debilitating disease.

STUDY LIMITATIONS. First, the contribution of Nox
is isoform-dependent and tissue and cell type–
specific through complicated but different mecha-
nisms. For example, in the heart, endothelial Nox2
promotes cardiac fibrosis and diastolic dysfunction by
enhancing endothelial-mesenchymal transition (34).
By contrast, myocardial Nox4 may protect against
load-induced cardiac remodeling via increasing
angiogenesis and activation of Nrf2 (52,53). We show
here that Nox2 is critical in AVIC fibrocalcification,
the contribution of Nox2 in other valvular cells and
the roles of other Nox isoform such as Nox4 in CAVD
warrants further investigation (Nox1 and Nox5
messenger RNA expressions were below detectable
limits in AVICs). Using tissue- and isoform-specific
gene-modified animals will be of help to provide
valuable information. Second, both inflammation and
hyperlipidemia contribute to the development of
CAVD. Considering the therapeutic potential of
celastrol in inflammatory diseases (18) and metabolic
disorders, the systemic effect of celastrol could not be
excluded. Third, as AV area and transvalvular veloc-
ity are modulated by cardiac function and afterload,
comprehensive hemodynamic assessment of animal
CAVD model warrants further investigation, although
it was reported that blood pressure was not altered in
rabbits fed with the HCþvitD2 diet (54). Fourth,
compared with clinical scenario of advanced aortic
stenosis, the development of the rabbit CAVD model
used in this study is relatively fast and the stenosis is
less severe. Therefore, off-target effects of celastrol
should not be discounted if a long-term and high dose
of celastrol could be used for the treatment of pa-
tients with severe stenosis. Nanoparticle-coated and
cell-targeted drug delivery will be a promising strat-
egy to improve efficacy and safety of celastrol (55).

CONCLUSIONS

In this study, we report that up-regulation of Nox2 is
critically involved in AV calcification. Celastrol is
effective to alleviate the osteoblastic differentiation
of AVICs in vitro and mitigate AV fibrocalcification
and stenosis in rabbits in vivo, likely through the in-
hibition of the Nox2-mediated GSK3B/b-catenin
pathway in AVICs. The findings imply that targeted
inhibition of Nox2 may be a possible therapeutic
strategy in CAVD, and celastrol could potentially be
clinically useful for early intervention to mitigate the
development of CAVD or slow stenosis.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The

pathogenesis of CAVD involves complex-regulated

mechanisms, including ROS-mediated redox signaling.

ROS-generating enzyme Nox2 in AVICs critically contrib-

utes to fibrocalcification of the AV. Inhibition of Nox2

with a natural compound, celastrol, may be a promising

pharmacological target to improve the outcome of the

disease.

TRANSLATIONAL OUTLOOK: Additional studies are

needed to investigate whether celastrol has therapeutic

effectiveness on established CAVD, as well as the

perspective of other more specific Nox2 inhibitors.
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