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Although postcapillary pulmonary hypertension (PH) is an impor-
tant prognostic factor for patients with heart failure (HF), its
pathogenesis remains to be fully elucidated. To elucidate the
different roles of Rho-kinase isoforms, ROCK1 and ROCK2, in
cardiomyocytes in response to chronic pressure overload, we
performed transverse aortic constriction (TAC) in cardiac-specific
ROCK1-deficient (cROCK1−/−) and ROCK2-deficient (cROCK2−/−)
mice. Cardiomyocyte-specific ROCK1 deficiency promoted pressure-
overload-induced cardiac dysfunction and postcapillary PH, whereas
cardiomyocyte-specific ROCK2 deficiency showed opposite results.
Histological analysis showed that pressure-overload-induced car-
diac hypertrophy and fibrosis were enhanced in cROCK1−/− mice
compared with controls, whereas cardiac hypertrophy was atten-
uated in cROCK2−/− mice after TAC. Consistently, the levels of
oxidative stress were up-regulated in cROCK1−/− hearts and
down-regulated in cROCK2−/− hearts compared with controls after
TAC. Furthermore, cyclophilin A (CyPA) and basigin (Bsg), both of
which augment oxidative stress, enhanced cardiac dysfunction and
postcapillary PH in cROCK1−/− mice, whereas their expressions
were significantly lower in cROCK2−/− mice. In clinical studies,
plasma levels of CyPA were significantly increased in HF patients
and were higher in patients with postcapillary PH compared with
those without it. Finally, high-throughput screening demonstrated
that celastrol, an antioxidant and antiinflammatory agent, re-
duced the expressions of CyPA and Bsg in the heart and the lung,
ameliorating cardiac dysfunction and postcapillary PH induced by
TAC. Thus, by differentially affecting CyPA and Bsg expressions,
ROCK1 protects and ROCK2 jeopardizes the heart from pressure-
overload HF with postcapillary PH, for which celastrol may be
a promising agent.
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Heart failure (HF) has been emerging as a pandemic health
issue worldwide (1). HF patients are categorized into two

groups by left ventricular ejection fraction (LVEF): HF with re-
duced LVEF (HFrEF) and HF with preserved LVEF (HFpEF)
(2). Effective medical and surgical therapies for HFrEF are
available, whereas no effective drugs are yet available for HFpEF
(2, 3). This is partly due to our poor understanding of the path-
ogenesis of HFpEF, which is clinically characterized by cardiac
hypertrophy, fibrosis, and diastolic dysfunction (4). Indeed, we
have no option to reverse cardiac hypertrophy and fibrosis with
medical treatment. Pressure overload, such as systemic hyperten-
sion and aortic valve stenosis (AS), causes cardiac hypertrophy
and fibrosis, leading to HFpEF in early stages (5). Although car-
diac hypertrophy is a primary response to reduce wall stress on the
ventricular wall, sustained hypertrophic response eventually leads
to cardiac dysfunction and failure (6). To date, the molecular
mechanisms underlying cardiac hypertrophy and subsequent dys-
function and failure remain to be fully elucidated. Furthermore,
severe HF is accompanied by postcapillary pulmonary hyperten-

sion (PH), which is characterized by impaired pulmonary vas-
cular reactivity, endothelial dysfunction, and distal pulmonary
artery muscularization (7, 8). Once postcapillary PH develops,
HF patients show more severe symptoms, worse exercise tol-
erance, and poor prognosis (7, 9). Some possible treatments for
postcapillary PH have been tested in animal models of HF (10,
11). While targeting both cardiac dysfunction and postcapillary
PH could be a promising therapy for HF patients, therapeutic
targets that share molecular mechanisms of both diseases need
to be explored.
Rho-kinases (ROCKs), members of the serine/threonine

protein kinase family, are important downstream effectors of the
small GTP-binding protein Ras homolog gene family member A
(RhoA) (12). The RhoA/Rho-kinase pathway plays important
roles in many cellular functions, including contraction, motility,
proliferation, and apoptosis (13). Thus, excessive activity of this
pathway promotes the development of cardiovascular diseases
(13), such as coronary vasospasm (14), hypertension (15), PH
(16), and HF (17). Moreover, the beneficial effects of fasudil, a
specific Rho-kinase inhibitor, have been demonstrated in those
pathological conditions in both animal models and human
studies (18–20). However, fasudil inhibits both isoforms of Rho-
kinase, ROCK1 and ROCK2, which have different functions in
different types of cells and tissues (21). In the field of HF, we and
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others previously demonstrated that ROCK2 plays a crucial role
in cardiac hypertrophic responses (17, 22), while ROCK1 seems
to be involved in cardiac fibrosis (23). However, the roles of each
isoform in cardiomyocytes remain to be elucidated. In the pre-
sent study, to elucidate the different roles of ROCK1 and
ROCK2 in cardiomyocytes in response to chronic pressure
overload, we performed transverse aortic constriction (TAC) in
cardiac-specific ROCK1-deficient (cROCK1−/−) and ROCK2-
deficient (cROCK2−/−) mice.

Results
Generation of cROCK1−/− and cROCK2−/− Mice. Cardiac troponins,
which directly regulate myocardial contractility, are potential
substrates of ROCK1 and ROCK2 (24). However, the specific
substrates of each isotype and interactions between them in
maintaining cardiac function have not been elucidated (25).
Thus, to elucidate the different roles of ROCK1 and ROCK2 in
cardiomyocytes in response to pressure overload, we generated
cardiac-specific ROCK1-deficient (ROCK1 flox/flox/aMHC-cre+/−;
cROCK1−/−) and ROCK2-deficient (ROCK2 flox/flox/aMHC-cre+/−;
cROCK2−/−) mice (SI Appendix, Fig. S1 A and B). We first com-
pared cardiac structure and function between cROCK1+/+

(ROCK1 flox/flox/aMHC-cre−/−), cROCK2+/+ (ROCK2 flox/flox/aMHC-
cre−/−), and aMHC-cre+/− mice at baseline by echocardiographic
examination. As we found no significant difference in left ven-
tricular (LV) posterior wall thickness (LVPW), LV internal di-
ameter at end-diastole (LVDd), or LV fractional shortening
(LVFS) among them, we used cROCK1+/+ and cROCK2+/+ mice
as littermate controls (SI Appendix, Fig. S1C). We next examined
the expression levels of ROCK1 and ROCK2 by immunofluo-
rescence staining and found that ROCK1 and ROCK2 expressions
were deleted in ∼95% of total cells in the adult hearts (SI
Appendix, Fig. S1D). cROCK1+/+ and cROCK1−/− mice and
cROCK2+/+ and cROCK2−/− mice showed normal growth under
physiological conditions. At baseline, there was no difference in
blood pressure or heart rate between cROCK1+/+ and cROCK1−/−

mice (SI Appendix, Fig. S2A) and between cROCK2+/+ and
cROCK2−/− mice (SI Appendix, Fig. S2B). We next performed
microarray analyses to examine the difference in gene expression
in cardiac tissues between cROCK1−/− and cROCK2−/− mice at
baseline. Genes with significant changes were submitted to In-
genuity Pathway Analysis (IPA) software to reveal gene sets
representing specific biological processes or functions. In-
terestingly, heat-map analysis showed that the gene sets from
cROCK1−/− hearts showed up-regulations of the pathways re-
lated to cardiac hypertrophy, fibrosis, and HF compared with
cROCK1+/+ hearts (SI Appendix, Fig. S2C), whereas cROCK2−/−

hearts showed down-regulations of these signaling pathways
compared with cROCK2+/+ hearts (SI Appendix, Fig. S2D). For
example, the IPA analysis showed significant alteration in RhoA
signaling in cROCK1−/− hearts (SI Appendix, Table S1), whereas
in cROCK2−/− hearts, RhoA signaling was not involved in the top
10 significant changes in the canonical pathways (SI Appendix,
Table S2). Moreover, cROCK1−/− hearts showed significant al-
teration in calcium handling signaling compared with cROCK1+/+

hearts (SI Appendix, Table S1), whereas cROCK2−/− hearts pre-
sented significant alteration in cardiac β-adrenergic signaling
compared with cROCK2+/+ hearts (SI Appendix, Table S2). These
results indicate that ROCK1 and ROCK2 possess completely
different and potentially contrasting roles in cardiomyocytes.

Crucial Roles of ROCK1 in Cardiomyocytes to Maintain Systolic
Function. Although several ROCK1-specific substrates have
been reported (26), the role of ROCK1 in cardiomyocytes remains
to be fully elucidated. Thus, to examine the role of ROCK1 in
cardiomyocytes under pressure overload we performed TAC in
cROCK1+/+ and cROCK1−/− mice. Echocardiographic examina-
tion showed that TAC progressively induced cardiac hypertrophy

in both genotypes as examined by LVPW, the extent of which was
comparable between cROCK1+/+ and cROCK1−/− mice (Fig. 1 A
and B and SI Appendix, Fig. S3A). TAC also progressively in-
creased LVDd in both genotypes, the extent of which was greater

Fig. 1. Different roles of ROCK1 and ROCK2 in response to pressure over-
load. (A) Representative echocardiographic M-mode images of left ventricles
in cROCK1+/+ and cROCK1−/− mice 4 wk after TAC or sham operation. (Scale
bars, 100 ms and 1 mm.) (B) Quantitative analysis of the parameters of
cardiac function in cROCK1+/+ and cROCK1−/− mice at 4 wk after TAC (n =
12 each) or sham operation (n = 5 each). (C) Representative echocardio-
graphic M-mode images of left ventricles in cROCK2+/+ and cROCK2−/− mice
4 wk after TAC or sham operation. (Scale bars, 100 ms and 1 mm.) (D)
Quantitative analysis of the parameters of cardiac function in cROCK2+/+ and
cROCK2−/− mice at 4 wk after TAC (n = 12 each) or sham operation (n =
5 each). (E) Representative echocardiographic images of mitral inflow pat-
tern to evaluate diastolic dysfunction in cROCK1+/+ and cROCK1−/− mice 4 wk
after TAC or sham operation. (Scale bars, 20 ms and 200 mm/s.) (F) Quanti-
tative analysis of the parameters of diastolic function measured by trans-
mitral Doppler velocity ratio of early-to-atrial wave (E/A ratio) and early
wave decelation time (DcT) in cROCK1+/+ and cROCK1−/− mice at 4 wk after
TAC (n = 12 each) or sham operation (n = 5 each). (G) Representative
echocardiographic images of mitral inflow pattern to evaluate diastolic
dysfunction in cROCK2+/+ and cROCK2−/− mice 4 wk after TAC or sham oper-
ation. (Scale bars, 20 ms and 200 mm/s.) (H) Quantitative analysis of the pa-
rameters of diastolic function measured by E/A ratio and DcT in cROCK2+/+ and
cROCK2−/−mice at 4 wk after TAC (n = 12 each) or sham operation (n = 5 each).
(I) Exercise tolerance evaluated by measuring running time and distance in a
treadmill running test in cROCK1+/+ and cROCK1−/−mice at 4 wk after TAC (n =
12 each) or sham operation (n = 5 each). (J) Exercise tolerance evaluated by
measuring walking time and distance in a treadmill test in cROCK2+/+ and
cROCK2−/−mice at 4 wk after TAC (n = 12 each) or sham operation (n = 5 each).
Data represent the mean ± SEM; *P < 0.05. Comparisons of parameters were
performed with two-way ANOVA, followed by Tukey’s honestly significant
difference test for multiple comparisons.
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in cROCK1−/− mice than in cROCK1+/+ mice (Fig. 1B and SI
Appendix, Fig. S3B). Consistently, TAC significantly reduced
LVFS in both genotypes in a time-dependent manner, the extent
of which was greater in cROCK1−/− mice than in cROCK1+/+ mice
(Fig. 1B and SI Appendix, Fig. S3C). Next, to examine the role of
ROCK2 in cardiomyocytes under pressure overload, we per-
formed TAC in cROCK2+/+ and cROCK2−/− mice. Echocardio-
graphic examination showed that TAC induced cardiac hypertrophy
in both genotypes as examined by LVPW and the extent of the
hypertrophy was significantly smaller in cROCK2−/− mice than in
cROCK2+/+ mice (Fig. 1 C and D). In contrast to cROCK1−/−

mice, there was no difference in LVDd or LVFS between
cROCK2+/+ and cROCK2−/− mice (Fig. 1 C and D). These results
indicate that myocardial ROCK1 plays a crucial role to maintain
systolic function under pressure overload, whereas myocardial
ROCK2 plays a crucial role in the development of cardiac hy-
pertrophy under pressure overload.

ROCK2 in Cardiomyocytes Induces Diastolic Dysfunction Under
Pressure Overload. To evaluate the role of ROCK1 in the devel-
opment of diastolic dysfunction, we examined transmitral
Doppler flow velocity after TAC. TAC increased E/A velocity
ratio in both genotypes, the extent of which was significantly
greater in cROCK1−/− mice than in cROCK1+/+ mice, suggesting
that diastolic dysfunction is exacerbated by ROCK1 deficiency
(Fig. 1 E and F and SI Appendix, Fig. S3D). Next, we examined
the development of diastolic dysfunction in cROCK2−/− mice in
response to pressure overload. TAC increased E/A velocity ratio
in cROCK2+/+ mice, whereas the ratio was significantly smaller in
cROCK2−/− mice (Fig. 1 G and H). Additionally, transmitral
Doppler flow velocity showed slower deceleration of the mitral E
wave (longer DcT) in cROCK2−/− mice than in cROCK2+/+ mice,
suggesting that the development of diastolic dysfunction is at-
tenuated by ROCK2 deficiency (Fig. 1 G and H). Moreover, to
evaluate the filling pressure after pressure overload, we exam-
ined atrial size and E/e′ after TAC by echocardiography. TAC
significantly increased both atrial size and E/e′, the extent of
which was greater in cROCK1−/− mice but smaller in cROCK2−/−

mice compared with their respective controls (SI Appendix, Fig.
S4 A and B). Time-course analysis also revealed that atrial size
and E/e′ were increased in cROCK1−/− mice earlier after TAC
compared with cROCK1+/+ mice (SI Appendix, Fig. S3 E and F).
Consistently, catheter examination showed that TAC signifi-
cantly elevated LV end-diastolic pressure compared with sham
controls, the extent of which was greater in cROCK1−/− mice but
smaller in cROCK2−/− mice compared with their respective
controls (SI Appendix, Fig. S4 C and D). These results indicate
that elevated filling pressures caused by pressure overload are
enhanced by ROCK1 deficiency but are attenuated by
ROCK2 deficiency. To further assess the exercise capacity after
pressure overload, we performed a treadmill test and examined
the walking distance and time. At baseline, there was no differ-
ence in exercise capacity between cROCK1+/+ and cROCK1−/−

mice (Fig. 1I), whereas pressure overload significantly reduced the
walking distance and time in both genotypes. However, walking
distance and time were significantly more reduced in cROCK1−/−

mice than in cROCK1+/+ mice (Fig. 1I). Likewise, we performed a
treadmill test in cROCK2+/+ and cROCK2−/− mice. Again, TAC
reduced the walking distance and time in cROCK2+/+ mice,
whereas exercise capacity was preserved in cROCK2−/− mice un-
der pressure overload (Fig. 1J). Overall, ROCK1 in cardio-
myocytes protects against the development of diastolic dysfunction
and preserves the exercise capacity under pressure overload,
whereas ROCK2 in cardiomyocytes promotes the development of
diastolic dysfunction and reduces the exercise capacity under
pressure overload.

Expression of ROCK1 and ROCK2 in Cardiomyocytes Under Pressure
Overload. We next performed Western blotting to examine the
expression levels of ROCK1, ROCK2, and upstream RhoA in
the heart of each genotype under pressure overload. Pressure
overload tended to increase ROCK1 expression compared with
sham, which was significantly lower in cROCK1−/− hearts than in
cROCK1+/+ hearts (SI Appendix, Fig. S5A). Interestingly, ROCK2
was significantly up-regulated in cROCK1−/− hearts compared with
cROCK1+/+ hearts, especially under pressure overload (SI Ap-
pendix, Fig. S5A). Similarly, RhoA was significantly up-regulated
in cROCK1−/− hearts compared with cROCK1+/+ hearts at base-
line and under pressure overload (SI Appendix, Fig. S5A). These
results suggest that ROCK1 deficiency in cardiomyocytes up-
regulates RhoA/ROCK2 signaling, probably due to compensa-
tory mechanisms. Pressure overload tended to increase ROCK1
expression in cROCK2+/+ and cROCK2−/− hearts to a similar level
compared with sham (SI Appendix, Fig. S5B). Additionally, TAC-
induced up-regulation of ROCK2 in cROCK2+/+ and cROCK2−/−

hearts was significantly lower in cROCK2−/− hearts than in
cROCK2+/+ hearts (SI Appendix, Fig. S5B). Moreover, RhoA was
significantly up-regulated in cROCK2−/− hearts compared with
cROCK2+/+ hearts only under pressure overload (SI Appendix,
Fig. S5B). These results suggest that ROCK2 deficiency up-
regulates RhoA under pressure overload. However, ROCK2 de-
ficiency in cardiomyocytes did not affect ROCK1 expression both
at baseline and under pressure overload, showing clear differences
from ROCK1 deficiency.
Next, we examined the localization of ROCK1 and ROCK2

expressions in the heart in each genotype by immunofluores-
cence staining. As expected, ROCK1 expression was absent in
cROCK1−/− cardiomyocytes, while ROCK1 expression was de-
tected in noncardiomyocytes (e.g., cardiac fibroblasts and mi-
grating inflammatory cells) that contributed to ROCK1 detection
in Western blots (SI Appendix, Fig. S5C). Indeed, double immu-
nostaining showed that ROCK1 was also strongly expressed in
perivascular periostin-positive cells and CD45-positive cells (SI
Appendix, Fig. S6 A and B). Likewise, ROCK2 expression was
absent in cROCK2−/− cardiomyocytes, whereas ROCK2 expres-
sion was detected in noncardiomyocytes that contributed to
ROCK2 detection in Western blots (SI Appendix, Fig. S5D). In-
deed, double immunostaining showed that ROCK2 was also
strongly expressed in perivascular periostin-positive cells and
CD45-positive cells (SI Appendix, Fig. S6 C and D).

Opposite Roles of ROCK1 and ROCK2 in Cardiomyocytes. The anal-
yses of induction and interaction of ROCK isoforms in car-
diomyocytes indicated different roles of ROCK1 and ROCK2 in
cardiac responses to pressure overload. Indeed, pressure over-
load significantly enhanced cardiac hypertrophy, assessed by the
ratio of heart weight/body weight, in both cROCK1+/+ and
cROCK1−/− mice, but the extent was significantly greater in
cROCK1−/− mice than in cROCK1+/+ mice (Fig. 2A). Consis-
tently, pressure overload significantly increased cross-sectional
area (CSA) in cROCK1−/− hearts compared with cROCK1+/+

hearts (Fig. 2B). Likewise, pressure overload significantly in-
creased cardiac hypertrophy in cROCK2+/+ mice (Fig. 2C).
However, the extent of hypertrophic response was significantly
smaller in cROCK2−/− mice than in cROCK2+/+ mice (Fig. 2C).
Consistently, TAC-induced increase in CSA was significantly
smaller in cROCK2−/− hearts than in cROCK2+/+ hearts (Fig.
2D). Consistent with the histological analyses, the expressions of
genes encoding hypertrophic markers (e.g., Nppa and Nppb)
were significantly up-regulated in cROCK1−/− hearts compared
with cROCK1+/+ hearts, especially under pressure overload (Fig.
2E). In contrast, hypertrophic gene expression was significantly
lower in cROCK2−/− hearts than in cROCK2+/+ hearts under
pressure overload (Fig. 2F). These results indicate that ROCK1
protects against the development of cardiac hypertrophy and
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dysfunction under pressure overload, whereas ROCK2 plays
opposite roles in cardiomyocytes (Fig. 2G).
In addition to the hypertrophic responses, Elastica-Masson

(EM) staining showed that TAC significantly increased the in-
terstitial fibrosis area in cROCK1+/+ and cROCK1−/− hearts (SI
Appendix, Fig. S7A), but the extent was significantly greater in
cROCK1−/− hearts than in cROCK1+/+ hearts under pressure
overload (SI Appendix, Fig. S7A). Consistently, gene expressions
of fibrotic markers (e.g., Col1a and Col3a) were significantly up-
regulated in cROCK1−/− hearts compared with cROCK1+/+

hearts under pressure overload (SI Appendix, Fig. S7B). Like-
wise, pressure overload significantly increased the interstitial fi-
brosis area in cROCK2+/+ and cROCK2−/− hearts (SI Appendix,

Fig. S7C). However, the extent of the increase was comparable
between cROCK2+/+ and cROCK2−/− hearts (SI Appendix, Fig.
S7C). Consistently, gene expressions of fibrotic markers were
comparable between cROCK2+/+ and cROCK2−/− hearts (SI
Appendix, Fig. S7D). Based on the different role of ROCK iso-
forms in interstitial fibrosis, we further examined matrix metal-
loproteinase (MMP) activities, assessed by DQ gelatin, in each
genotype. Staining with DQ gelatin, in which green fluorescence
indicates active MMPs, showed that TAC-induced MMP activi-
ties were significantly greater in cROCK1−/− hearts than in
cROCK1+/+ hearts (SI Appendix, Fig. S7E). However, the activ-
ities were significantly smaller in cROCK2−/− hearts than in
cROCK2+/+ hearts under pressure overload (SI Appendix, Fig.
S7F). These results indicate that ROCK1 protects against the
development of cardiac fibrosis and extracellular remodeling
under pressure overload, while ROCK2 in cardiomyocytes does
not play major roles in fibrosis (SI Appendix, Fig. S7G).

Opposite Roles of ROCK1 and ROCK2 in Cardiomyocytes for Ca2+

Handling. Intracellular Ca2+ handling and β-adrenergic stimulus
are important for the development of cardiac hypertrophy and
fibrosis under pressure overload (27). In the present study,
microarray analysis indicated alterations in Ca2+ handling in
cROCK1−/− hearts (SI Appendix, Table S1) and β-adrenergic
signaling in cROCK2−/− hearts (SI Appendix, Table S2). Thus,
we further analyzed the different roles of ROCK1 and ROCK2
in the regulation of Ca2+ handling in cardiomyocytes. In-
terestingly, pressure overload significantly reduced the phos-
phorylation of troponin I (TnI), which reduces calcium sensitivity
in cardiomyocytes in both cROCK1+/+ and cROCK1−/− hearts,
but the extent of the reduction was significantly greater in
cROCK1−/− hearts than in cROCK1+/+ hearts (SI Appendix, Fig.
S8A). Likewise, pressure overload significantly reduced TnI
phosphorylation in both cROCK2+/+ and cROCK2−/− hearts, but
the extent of the reduction was comparable (SI Appendix, Fig. S8B).
Additionally, TAC reduced phosphorylation of phospholamban
(PLN), which activates Ca2+ pump in the sarcoplasmic reticulum
equally in cROCK1+/+ and cROCK1−/− hearts (SI Appendix, Fig.
S8A). In contrast, the levels of PLN phosphorylation (S16 and
T17) were significantly higher in cROCK2−/− hearts than in
cROCK2+/+ hearts both at baseline and under pressure overload
(SI Appendix, Fig. S8B).
To elucidate the underlying molecular mechanism, we next ex-

amined the expression levels of genes related to Ca2+ handling.
Gene expression of Atp2a2, one of the SERCA Ca2+-ATPases,
was down-regulated in cROCK1−/− hearts compared with the
controls both at baseline and under pressure overload (SI Ap-
pendix, Fig. S8C). Additionally, pressure overload significantly in-
creased Pln expression in both cROCK1+/+ and cROCK2+/+ hearts,
which was significantly lower in cROCK1−/− and cROCK2−/− hearts
than in the respective controls under pressure overload (SI Ap-
pendix, Fig. S8 C and D). Moreover, cROCK1−/− hearts showed
significantly higher gene expression of Ryr2, which induces
calcium-induced calcium release, compared with cROCK1+/+

hearts at baseline, whereas the levels were down-regulated under
pressure overload (SI Appendix, Fig. S8C). In contrast, cROCK2−/−

hearts showed comparable gene expression of Ryr2 compared with
cROCK2+/+ hearts at baseline, whereas the levels were significantly
down-regulated under pressure overload (SI Appendix, Fig. S8D).
Finally, pressure overload significantly increased the expression of
Slc8a1, which encodes Na+/Ca2+ exchanger, in both cROCK1+/+

and cROCK2+/+ hearts, but the extent was significantly smaller in
cROCK2−/− hearts than in cROCK1−/− hearts under pressure
overload (SI Appendix, Fig. S8 C and D). These results indicate
that ROCK1 and ROCK2 play different roles in Ca2+ handling in
cardiomyocytes, potentially leading to opposite roles of each iso-
type in the development of cardiac hypertrophy, fibrosis, and
dysfunction under pressure overload (SI Appendix, Fig. S8E).

Fig. 2. Opposite roles of ROCK1 and ROCK2 in cardiac hypertrophy. (A, Left)
Representative photomicrographs of hearts from cROCK1+/+ and cROCK1−/−

mice 4 wk after TAC or sham operation. (A, Right) The ratio of heart weight
to body weight (BW) in cROCK1+/+ and cROCK1−/− mice at 4 wk after TAC
(n = 12 each) or sham operation (n = 5 each). (Scale bars, 3 mm.) (B, Left)
Representative photomicrographs of H&E staining of hearts from cROCK1+/+

and cROCK1−/− mice 4 wk after TAC or sham operation. (B, Right) Quanti-
tative analysis of cardiomyocyte CSA in cROCK1+/+ and cROCK1−/− mice at
4 wk after TAC (n = 10 each) or sham operation (n = 5 each). (Scale bars,
50 μm.) (C, Left) Representative photomicrographs of hearts from cROCK2+/+

and cROCK2−/− mice 4 wk after TAC or sham operation. (C, Right) The ratio
of heart weight to body weight (BW) in cROCK2−/− and cROCK2+/+ mice at
4 wk after TAC (n = 12 each) or sham operation (n = 5 each). (Scale bars,
3 mm.) (D, Left) Representative photomicrographs of H&E staining of hearts
from cROCK2+/+ and cROCK2−/− mice 4 wk after TAC or sham operation. (D,
Right) Quantitative analysis of cardiomyocyte CSA in cROCK2−/− and
cROCK2+/+ mice at 4 wk after TAC (n = 10 each) or sham operation (n =
5 each). (Scale bars, 50 μm.) (E) Relative mRNA expressions of hypertrophic
markers, such as natriuretic peptide A (Nppa) and natriuretic peptide B
(Nppb), in cROCK1+/+ and cROCK1−/− hearts at 4 wk after TAC (n = 12 each)
or sham operation (n = 5 each). (F) Relative mRNA expressions of hyper-
trophic markers in cROCK2+/+ and cROCK2−/− hearts at 4 wk after TAC (n =
12 each) or sham operation (n = 5 each). (G) Schematic representation of the
opposite roles of ROCK1 and ROCK2 in the development of pressure-
overload-induced cardiac hypertrophy. *P < 0.05. Comparisons of parame-
ters were performed with two-way ANOVA, followed by Tukey’s honestly
significant difference test for multiple comparisons.
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Based on the different roles of ROCK1 and ROCK2 in Ca2+

handling in cardiomyocytes, we performed additional experi-
ments using the trabeculae from cROCK1−/− and cROCK2−/−

hearts. We examined the force and intracellular Ca2+ concen-
tration, [Ca2+]i, in the trabeculae during electrical stimulation
(28). There was no difference in the force and [Ca2+]i between
the trabeculae from cROCK1+/+ and cROCK1−/− hearts at low
[Ca2+]o (SI Appendix, Fig. S9 A and B). In contrast, at higher
[Ca2+]o, the force and [Ca2+]i of cROCK1+/+ trabeculae in-
creased in a [Ca2+]o-dependent manner, whereas the cROCK1−/−

trabeculae did not respond (SI Appendix, Fig. S9 A and B).
Again, the force and [Ca2+]i of the trabeculae from cROCK2+/+

and cROCK2−/− hearts increased in a [Ca2+]o-dependent manner
(SI Appendix, Fig. S9 C and D).

Conflicting Roles of ROCK1 and ROCK2 in Cardiomyocytes for Reactive
Oxygen Species Induction. To further elucidate the roles of
ROCK1 and ROCK2, we used neonatal rat cardiomyocytes
(NRCMs), which were stimulated with cyclic mechanical stretch
(1 Hz, 20% elongation) (29). Cyclic mechanical stretch signifi-
cantly increased the expression of ROCK1 and ROCK2 in
NRCMs in a time-dependent manner (Fig. 3A). Consistently,
Rho-kinase activity, assessed by phosphorylation of myosin
phosphatase targeting protein (MYPT), was significantly in-
creased in response to cyclic mechanical stretch in a time-
dependent manner (Fig. 3A). Next, to evaluate the regulation
of ROCK2 by ROCK1, we used siRNA to inhibit ROCK1 in
NRCMs (Fig. 3B). Consistent with the ROCK2 up-regulation in
cROCK1−/− hearts, ROCK1 inhibition in NRCMs significantly
increased ROCK2 expression, whereas ROCK2 inhibition did
not affect ROCK1 expression (Fig. 3B). These results indicate
that mechanical stretch up-regulates both ROCK1 and ROCK2
in cardiomyocytes and that ROCK1 in cardiomyocytes down-
regulates ROCK2 expression by unknown mechanism. Thus, to
understand the mechanism underlying the regulation of ROCK1
and ROCK2 in cardiomyocytes, we examined the expressions of
NOX2, NOX4, and p47phox after inhibition of ROCK1 and
ROCK2 in NRCMs (Fig. 3C). Interestingly, ROCK1 silencing by
siRNA significantly increased the expressions of Cybb (NOX2),
Nox4, and Ncf1 (p47phox) (Fig. 3C), while ROCK2 silencing re-
duced the expression of Cybb and Ncf1 (Fig. 3C). These results
suggest that ROCK1 and ROCK2 have opposite roles in the
production of reactive oxygen species (ROS). Thus, we examined
the levels of ROS in cROCK1−/− and cROCK2−/− hearts under
pressure overload. Dihydroethidium (DHE) staining showed that
pressure overload significantly increased ROS in cROCK1−/−

hearts compared with cROCK1+/+ hearts, whereas cROCK2−/−

hearts presented lower ROS levels than cROCK2+/+ hearts (Fig.
3D). We thus examined the expressions of Cybb, Nox4, and Ncf1
in cROCK1−/− and cROCK2−/− hearts by quantitative real-time
PCR. Notably, the expressions of Cybb, Nox4, and Ncf1 were
significantly increased in cROCK1−/− hearts compared with
cROCK1+/+ hearts under pressure overload (Fig. 3E). In con-
trast, Nox4 expression was significantly lower in cROCK2−/−

hearts than in cROCK2+/+ hearts under pressure overload (Fig.
3F). These data indicate that ROCK1 inhibits ROS production
in cardiomyocytes under pressure overload, whereas ROCK2
promotes it (Fig. 3G).

Conflicting Roles of ROCK1 and ROCK2 in Mitochondrial Function.
Mitochondrial ROS levels regulate mitochondrial function and
activities, which affects ATP production as an energy source in
cardiomyocytes (30). Thus, we next examined the levels of mi-
tochondrial ROS in cROCK1−/− and cROCK2−/− hearts under
pressure overload. MitoSOX staining showed that mitochondrial
ROS levels were higher in cROCK1−/− hearts than in cROCK1+/+

hearts, whereas cROCK2−/− hearts presented lower levels of
mitochondrial ROS than cROCK2+/+ hearts (Fig. 4A). We thus

examined the expressions of Ppargc1a, Tfam, Cytb, and Nd5/6, all
of which regulate mitochondrial biogenesis, in cROCK1−/− and
cROCK2−/− hearts by quantitative real-time PCR. Notably,
Ppargc1a expression was significantly lower in cROCK1−/− hearts
than in cROCK1+/+ hearts under pressure overload (SI Appendix,
Fig. S10A). In contrast, the expressions of Tfam, Cytb, and Nd5/6
were higher in cROCK1−/− hearts than in cROCK1+/+ hearts
under pressure overload (SI Appendix, Fig. S10A). In contrast,
Ppargc1a, Cytb, and Nd5/6 expression did not significantly change
in cROCK2−/− hearts compared with cROCK2+/+ hearts under
pressure overload (SI Appendix, Fig. S10B). We next examined
the expressions of genes associated with mitochondrial fission

Fig. 3. Conflicting roles of ROCK1 and ROCK2 in cardiomyocytes for ROS
induction. (A) Representative Western blot and quantification of ROCK1,
ROCK2, and phosphorylated/total MYPT in NRCMs after mechanical cyclic
stretch (1 Hz, 20% elongation) for 0, 3, and 24 h (n = 6 each). (B) Relative
mRNA expression of Rock1 and Rock2 in NRCMs after transfection with
ROCK1 siRNA (si-ROCK1), ROCK2 siRNA (si-ROCK2), or control siRNA (si-Ctrl)
(n = 4 each). (C) Relative mRNA expressions of Cybb (NOX2), Nox4, and Ncf1
(p47phox) in NRCMs after transfection with si-ROCK1, si-ROCK2, or si-Ctrl (n =
4 each). (D) Representative pictures of DHE staining of the LV after TAC.
(Scale bars, 100 μm.) (E) Relative mRNA expression of Cybb (NOX2), Nox4,
and Ncf1 (p47phox), in cROCK1+/+ and cROCK1−/− hearts at 4 wk after TAC
(n = 12 each) or sham operation (n = 5 each). (F) Relative mRNA expression
of Cybb, Nox4, and Ncf1, in cROCK2+/+ and cROCK2−/− hearts at 4 wk after
TAC (n = 12 each) or sham operation (n = 5 each). (G) Schematic represen-
tation of opposing roles of ROCK1 and ROCK2 in cardiomyocytes for ROS
production. Data represent the mean ± SEM; *P < 0.05. Comparisons of
parameters were performed with the unpaired Student’s t test or two-way
ANOVA followed by Tukey’s honestly significant difference test for multiple
comparisons.
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(Fis1, Mff) in cROCK1−/− and cROCK2−/− hearts. However, the
expression pattern of these genes did not change significantly in
cROCK1−/− or cROCK2−/− hearts compared with their respective
controls under pressure overload (SI Appendix, Fig. S10 C and
D). Here, we examined the expressions of genes associated with
mitochondrial fusion (Mfn1,Mfn2, and Opa1) in cROCK1−/− and
cROCK2−/− hearts. Notably, the expressions of fusion genes were
significantly lower in cROCK1−/− hearts than in cROCK1+/+

hearts under pressure overload (SI Appendix, Fig. S10E). In
contrast, the expression of fusion genes did not significantly
change or slightly increased in cROCK2−/− hearts compared with
cROCK2+/+ hearts under pressure overload (SI Appendix, Fig.
S10F). We further examined the expressions of genes related to
mitophagy (Pink1 and Park2) in cROCK1−/− and cROCK2−/−

hearts. Notably, Pink1 expression was significantly lower in
cROCK1−/− hearts than in cROCK1+/+ hearts under pressure
overload (SI Appendix, Fig. S10G). In contrast, Pink1 expression
did not change in cROCK2−/− hearts compared with cROCK2+/+

hearts (SI Appendix, Fig. S10H). Finally, Park2 expression was
significantly lower in both cROCK1−/− and cROCK2−/− hearts
compared with their respective controls at baseline and under
pressure overload (SI Appendix, Fig. S10 G and H).
Next, using a Seahorse XF24-3 apparatus, which provides in-

formation on mitochondrial function through real-time mea-
surements of oxygen consumption rate (OCR; a marker of
oxidative phosphorylation) and extracellular acidification rate
(ECAR; a surrogate marker for glycolysis), we examined ROCK-
mediated responses in NRCMs after ROCK silencing by siRNA
(Fig. 4 B and C). OCR reflects the mitochondrial respiration rate
and energy production and ECAR reflects the rate of glycolysis
in NRCMs. Silencing of ROCK1 by siRNA significantly de-
creased the OCR/ECAR ratio and maximal OCR compared with
the control siRNA (Fig. 4B). In contrast, silencing of ROCK2 by
siRNA increased the OCR/ECAR ratio and maximal OCR
compared with the control siRNA (Fig. 4C), suggesting opposite
roles for ROCK1 and ROCK2 in mitochondrial function. There is
mounting evidence that mitochondrial dynamics are relevant to
the mechanisms of apoptosis, cell proliferation, and mitochondrial
energy metabolism in HF (31). cROCK1−/− hearts showed reduced
expressions of genes associated with mitochondrial fusion (Mfn1,
Mfn2, and Opa1) and mitophagy (Pink1), promoting impaired
mitochondrial fusion and fragmentation of the mitochondrial
networks. Consistently, cROCK1−/− hearts showed significantly
increased phosphorylation of Drp1 (S616) and significantly re-
duced Drp1 (S637) under pressure overload than cROCK1+/+

hearts (SI Appendix, Fig. S11A). In contrast, Drp1 phosphorylation
did not differ between cROCK2+/+ and cROCK2−/− hearts both at
baseline and under pressure overload (SI Appendix, Fig. S11B).
Thus, we next examined the morphology of mitochondria in
cROCK1−/− and cROCK2−/− hearts. Consistent with the mito-
chondrial gene expressions, cROCK1−/− hearts showed a more
fragmented mitochondrial morphology than cROCK1+/+ hearts
(Fig. 4D), which was further confirmed by transmission electron
microscopy (SI Appendix, Fig. S11C). In contrast, cROCK2−/−

hearts showed a less fragmented mitochondrial morphology than
cROCK2+/+ hearts (Fig. 4D). These results suggest that the bal-
ance between mitochondrial fission/fusion and mitophagy is fun-
damentally regulated by ROCK1 and ROCK2 in cardiomyocytes.
Additionally, ROCK1 and ROCK2 regulate the switch from oxi-
dative phosphorylation to anaerobic metabolism as an adaptive
response to mitochondrial dysfunction, especially under pressure
overload (Fig. 4E).

ROCK1 and ROCK2 in Cardiomyocytes for Postcapillary PH and
Survival. As CyPA and Bsg are known to exacerbate cardiac hy-
pertrophy and pulmonary vascular remodeling through aug-
mentation of oxidative stress (29, 32, 33), we next examined their
expressions in hearts and lungs. Myocardial expressions of CyPA
and Bsg were up-regulated in cROCK1−/− hearts (SI Appendix,
Figs. S12 and S13A), whereas myocardial expression of CyPA
was down-regulated in cROCK2−/− hearts (SI Appendix, Figs.
S12 and S13B). Additionally, protein levels of CyPA and Bsg,
both of which promote proliferation of pulmonary artery smooth
muscle cells (PASMCs) and the development of PH (33), were
significantly increased in lungs from cROCK1−/− mice compared
with lungs from cROCK1+/+ mice after TAC (SI Appendix, Fig.
S13C), whereas the levels of CyPA were significantly lower in
lungs from cROCK2−/− mice than in lungs from cROCK2+/+ mice
after TAC (SI Appendix, Fig. S13D). These results suggest that
ROCK1 and ROCK2 in cardiomyocytes affect CyPA/Bsg-
mediated ROS production in the heart and lung after pressure
overload (SI Appendix, Fig. S13E).
It was previously demonstrated that endothelial permeability in

pulmonary circulation is increased in patients with postcapillary
PH (34). Consistently, the increase in lung weight ratio was sig-
nificantly higher in cROCK1−/− mice than in cROCK1+/+ mice

Fig. 4. Conflicting roles of ROCK1 and ROCK2 in mitochondrial function. (A)
Representative pictures of MitoSOX staining of the LV after TAC. (Scale bars,
100 μm.) (B) Quantification of the mitochondrial OCR and ECAR of NRCMs
after transfection with ROCK1 siRNA (si-ROCK1) or control siRNA (si-Ctrl) (n =
6 each). Bar graphs show basal OCR, maximum OCR, ATP-linked OCR, and
the ratio of OCR to ECAR. (C) Quantification of the mitochondrial OCR and
ECAR of NRCMs after transfection with ROCK2 siRNA (si-ROCK2) or si-Ctrl
(n = 6 each). (D) Representative double immunostaining for α-actinin and
COX IV (mitochondria) of the LV after TAC. (Scale bars, 25 μm.) (E) Schematic
representation of opposing roles of ROCK1 and ROCK2 in mitochondrial
function. Data represent the mean ± SEM; *P < 0.05. Comparisons of pa-
rameters were performed with an unpaired Student’s t test.

E7134 | www.pnas.org/cgi/doi/10.1073/pnas.1721298115 Sunamura et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1721298115


after TAC (Fig. 5A). Furthermore, as elevated filling pressures by
pressure overload are enhanced by ROCK1 deficiency but atten-
uated by ROCK2 deficiency (SI Appendix, Fig. S3), we next ex-
amined pulmonary vascular remodeling, which indicates the
development of postcapillary PH. Histological analysis of the lung
showed an increased medial thickness and muscularization of
distal pulmonary arteries in cROCK1−/− mice compared with
cROCK2−/− mice under pressure overload (Fig. 5B). Consistent
with the morphological changes, cROCK1−/− mice exhibited in-
creased right ventricular systolic pressure (RVSP) compared with
cROCK2−/− mice after TAC (Fig. 5C). These results indicate that
ROCK1 protect against the development of postcapillary PH,
whereas ROCK2 promotes it. Next, we performed severe TAC
to confirm the survival of cROCK1−/− mice compared with
cROCK2−/− mice. Importantly, cROCK1−/− mice showed a sig-

nificantly poor survival rate compared with cROCK2−/− mice after
severe TAC (Fig. 5D). Consistently, the extents of TAC-induced
LV dilatation and reduced contractility were significantly higher in
cROCK1−/− mice than in cROCK2−/− mice (Fig. 5E). These results
indicate that ROCK1 protects the heart from hypertrophy, fi-
brosis, and reduced contractility, resulting in postcapillary PH,
whereas ROCK2 deteriorate them under severe pressure overload
(Fig. 5F). Postcapillary PH increases right ventricular pressure
overload and secondarily induces hypoxia and systemic in-
flammation, promoting HF and death (7, 9). Thus, targets that
belong to both the mechanisms underlying both HF and post-
capillary PH may represent novel therapeutic targets (Fig. 5F).

Celastrol Attenuates Cardiac Dysfunction and Postcapillary PH. In the
present study, pressure overload up-regulated CyPA and Bsg in
the heart and lung from cROCK1−/− mice compared with the
respective controls, whereas the heart and lung from cROCK2−/−

mice showed significantly lower protein levels of CyPA. We have
demonstrated that CyPA and Bsg, which augment oxidative
stress, promote the development of HF (29, 32) and PH (33).
Importantly, plasma levels of soluble Bsg (sBsg) are increased in
HF patients (29). Moreover, patients with higher sBsg present
with poor prognosis. In the present study, plasma levels of CyPA
were significantly increased in HF patients and were higher in
patients with postcapillary PH compared with those without it
(Fig. 6A and SI Appendix, Table S3). Importantly, plasma levels
of CyPA were higher especially in patients with stenotic valvular
disease, such as AS, mitral valve stenosis, and pulmonary valve
stenosis, which were higher in patients with postcapillary PH
compared with those without it (Fig. 6A). Moreover, patients
with higher CyPA levels showed poor prognosis during the 5.5-y
follow-up period (Fig. 6 B and C).
Based on the experimental findings and previous reports re-

garding the crucial role of CyPA and Bsg in cardiac hypertrophy
and pulmonary vascular remodeling, we aimed to identify a
therapeutic agent that down-regulates both CyPA and Bsg, to be
used as a therapeutic agent for left heart diseases by targeting
both cardiac dysfunction and postcapillary PH. To this end, we
performed in silico screening with the Life Science Knowledge
Bank software (www.lskb.w-fusionus.com/); however, no com-
pound showed an inhibitory effect on both CyPA and Bsg. We
then used the public chemical library in the Drug Discovery
Initiative (DDI) (www.ddi.u-tokyo.ac.jp/en/), a collection of
3,336 clinically used compounds and derivatives. Since pulmo-
nary vascular remodeling in postcapillary PH accompanies ex-
cessive proliferation of PASMCs (8), we used PASMCs from
patients with pulmonary arterial hypertension (SI Appendix, Fig.
S14A). We performed a high-throughput screening and identi-
fied celastrol that reduced the expressions of both CyPA (PPIA)
and Bsg (BSG) as well as proliferation of PASMCs (Fig. 6D).
Additionally, celastrol treatment suppressed CyPA and Bsg ex-
pression in NRCMs (Fig. 6E). Celastrol has antioxidant, antiin-
flammatory, and antiproliferative properties (35). We then
examined the effect of celastrol in TAC-induced HF in mice
(Fig. 6F). Importantly, TAC-induced increases in CyPA and Bsg
in the heart and lung were significantly attenuated by celastrol
treatment compared with vehicle controls (SI Appendix, Fig. S14
B and C). Interestingly, ROCK2 expression was suppressed while
ROCK1 expression was unaffected by celastrol treatment com-
pared with vehicle controls in the heart after TAC (SI Appen-
dix, Fig. S14C). Consistently, celastrol significantly reduced
the increase in heart weight/body weight after TAC compared
with vehicle controls (Fig. 6G). Moreover, celastrol significantly
ameliorated TAC-induced increases in RVSP (Fig. 6H) and
cardiac dysfunction assessed by echocardiography (Fig. 6I) com-
pared with vehicle controls. Further histological analysis showed
that celastrol treatment attenuated pressure-overload-induced
cardiac hypertrophy and fibrosis compared with vehicle controls

Fig. 5. ROCK1 and ROCK2 in cardiomyocytes for postcapillary PH and sur-
vival. (A) The ratio of lung weight to body weight (BW) in cROCK1+/+,
cROCK1−/−, cROCK2+/+, and cROCK2−/− mice at 4 wk after TAC (n = 12 each)
or sham operation (n = 5 each). (B, Left) Representative EM and immunos-
taining for α-smooth muscle actin (αSMA) of the distal pulmonary arteries
(PA) in cROCK1−/− and cROCK2−/− mice at 4 wk after TAC or sham operation.
(Scale bars, 25 μm.) (B, Right) Muscularization ratios of distal PAs in
cROCK1−/− and cROCK2−/− mice at 4 wk after TAC (n = 10 each) or sham
operation (n = 5 each). F, fully muscularized vessels; N, nonmuscularized
vessels; P, partially muscularized vessels. (C) RVSP in cROCK1−/− and
cROCK2−/− mice at 4 wk after TAC (n = 6 each) or sham operation (n =
6 each). (D) Survival rates of cROCK1−/− (n = 55) and cROCK2−/− mice (n = 35)
subjected to severe TAC. Results are expressed as log-rank test. (E) Quantitative
analysis of the parameters of cardiac function assessed by echocardiography in
cROCK1−/− and cROCK2−/− mice at 4 wk after severe TAC (n = 12 each) or sham
operation (n = 5 each). (F) Schematic representation of the different roles of
ROCK1 and ROCK2 in cardiomyocytes for the development of postcapillary PH
and survival. Data represent the mean ± SEM; *P < 0.05. Comparisons of pa-
rameters were performed with two-way ANOVA followed by Tukey’s honestly
significant difference test for multiple comparisons.

Sunamura et al. PNAS | vol. 115 | no. 30 | E7135

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.lskb.w-fusionus.com/
http://www.ddi.u-tokyo.ac.jp/en/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721298115/-/DCSupplemental


(SI Appendix, Fig. S15 A and B). Finally, we examined the effect
of celastrol on TAC-induced HF in cROCK1−/− mice (SI Ap-
pendix, Fig. S16A). Celastrol significantly ameliorated pressure-
overload-induced cardiac dysfunction and postcapillary PH in
cROCK1−/− mice (SI Appendix, Fig. S16 B–D). These results
suggest that celastrol suppresses the expression of CyPA and Bsg
in the heart and lung, thereby ameliorating both HF and post-
capillary PH in mice.

Discussion
Contrasting Roles of Myocardial ROCK1 and ROCK2 in Response to
Pressure Overload. Although ROCK1 and ROCK2 are highly
homologous, sharing 65% homology in their amino acid se-
quence and 92% homology in their kinase domain (21), func-
tional differences between the two isoforms remain to be fully
elucidated, especially in cardiomyocytes. This study demon-
strates the different roles of ROCK1 and ROCK2 in car-
diomyocytes in response to pressure overload. Interestingly,
cROCK1−/− mice were vulnerable to pressure overload associ-
ated with enhanced cardiac hypertrophy and fibrosis, suggesting
that ROCK1 in cardiomyocytes protects the heart against pres-
sure overload. Indeed, cleaved ROCK1 is increased in the hu-
man failing heart, which induces apoptosis in cardiomyocytes
(36). Thus, adequate activity of ROCK1 in cardiomyocytes is
essential to maintain cardiac functions in loaded conditions,
suggesting that inhibition of ROCK1 is not a suitable therapeutic
strategy for HF. Identification of substrates of myocardial
ROCK1 should provide further insights into the specific roles of
ROCK1 in cardiomyocytes. Surprisingly, there is a report
showing that systemic ROCK1−/− mice presented with reduced
cardiac fibrosis in response to pressure overload (23). Different
phenotypes between the systemic ROCK1−/− mice and our
cardiac-specific ROCK1−/− mice under pressure overload can be
explained by the different roles of ROCK1 in cardiomyocytes
and other cell types (e.g., endothelial cells, vascular smooth
muscle cells, and cardiac fibroblasts). Further analyses using
tissue-specific ROCK1-deficient mice in inflammatory cells and
cardiac fibroblasts may clarify the role of ROCK1 in cardiac fi-
brosis. In contrast, cROCK2−/− mice showed resistance to pres-
sure overload with less cardiac hypertrophy in the present study.
This is consistent with the previous reports indicating that
myocardial ROCK2 promotes the development of angiotensin II
(AngII)-induced cardiac hypertrophy (22). Moreover, a recent
study demonstrated that cardiac fibroblasts-specific ROCK2
deficiency protects the heart against the development of AngII-
induced cardiac hypertrophy and fibrosis (37). Thus, selective
ROCK2 inhibition may be a suitable therapeutic strategy for
HFpEF, which is characterized by enhanced cardiac hypertrophy
and fibrosis.

Different Roles of ROCK1 and ROCK2 in ROS Production in
Cardiomyocytes. We and others previously demonstrated that
the Rho-kinase pathway is substantially involved in cardiac hy-
pertrophy and failure associated with oxidative stress (17, 29, 38,
39). However, the different roles of ROCK1 and ROCK2 in ROS
production in cardiomyocytes remain unclear. Mitochondria,
which are continuously joined by the process of fusion and divided
by the process of fission, are the major source of ROS (40). The
mitochondrial network is fragmented in cardiomyocytes from HF
patients (41), and this disruption is mechanistically related to
impaired function of the heart. Fragmentation of the mitochon-
drial network reflects, in part, increased fission in cardiomyocytes
(42). Fission creates smaller, more discrete mitochondria, which
are more capable of generating ROS, facilitating mitophagy, and
accelerating hypertrophy in cardiomyocytes (43). When mito-
chondria cannot divide, protein recycling does not proceed and
cardiomyocytes are arrested with imbalanced metabolism, leading
to reduced ATP production (31). Thus, it is conceivable that
ROCK1 deficiency in cardiomyocytes destroyed the balance be-
tween fission and fusion in cardiomyocytes, resulting in reduced
mitochondrial network and increased cardiac hypertrophy, apo-
ptosis, and fibrosis. ROCK1-mediated alteration in this balance
may be modulated by the up-regulation of NOX4, which is ex-
cessively activated in the heart in response to pressure overload
and is likely an upstream regulator for impaired mitochondrial
fusion and enhanced fission in loaded cardiomyocytes (40). Here,

Fig. 6. Celastrol ameliorates cardiac dysfunction and postcapillary PH. (A,
Left) Plasma levels of cyclophilin A (CyPA) in patients with HF with (n = 54) or
without (n = 72) postcapillary PH compared with controls (n = 25). (B, Right)
Plasma levels of CyPA in patients with stenotic valvular disease, such as AS,
mitral valve stenosis, and pulmonary valve stenosis with (n = 18) or without
(n = 27) postcapillary PH compared with controls (n = 25). (B and C) Kaplan–
Meier curve in patients with HF. Higher plasma CyPA levels (≥10 ng/mL) were
significantly associated with (B) all-cause death and (C) HF hospitalization,
compared with lower plasma CyPA levels (<10 ng/mL). (D) Results of the
113 compounds that suppress PASMC proliferation (green bars) and Ppia
(CyPA, blue plots) and Bsg (Bsg, red plots) gene expression. (E) Relative mRNA
expressions of Ppia and Bsg in NRCMs after treatment with celastrol or vehicle
for 24 h (n = 3 each). (F) Schematic protocols for celastrol administration
to wild-type mice subjected to TAC or sham operation, in which celastrol
(1 mg/kg/d) or control vehicle was administered by i.p. injection. (G) The ratio
of heart weight/body weight (BW) after treatment with celastrol or control
vehicle for 4 wk (TAC, n = 15 each; sham n = 5 each). (H) RVSP after treatment
with celastrol or vehicle for 4 wk (TAC, n = 15 each; sham n = 5 each). (I)
Quantitative analysis of the echocardiographic parameters of cardiac function
after treatment with celastrol or control vehicle for 4 wk (TAC, n = 15 each;
sham n = 5 each). Data represent the mean ± SEM; *P < 0.05. Comparisons of
parameters were performed with two-way ANOVA followed by Tukey’s hon-
estly significant difference test for multiple comparisons.
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we found significantly higher levels of mitochondrial ROS in the
heart of cROCK1−/− mice. As ROCK1 directly phosphorylates
Drp1 and regulates the balance of mitochondrial fission/fusion in
endothelial cells (26), lack of ROCK1 in cardiomyocytes may lead
to impaired mitochondrial homeostasis and subsequent ROS
generation. Furthermore, we previously showed the colocalization
of ROS and ROCK2 expression in the heart after pressure over-
load (17). Thus, substantial compensatory up-regulation of
ROCK2 in the heart from cROCK1−/− mice may reflect increased
levels of ROS after pressure overload, indicating that ROCK2
specifically augments ROS production in the failing heart. Con-
sistently, the amount of ROS was significantly reduced in the heart
from cROCK2−/− mice after pressure overload.
In a previous study, we demonstrated that treatment with

fasudil, a specific Rho-kinase inhibitor, reduced the levels of
ROS in the heart in animal models of HF (19). Thus, the present
study indicates that fasudil-mediated reduction in ROS is asso-
ciated with the inhibition of ROCK2 in cardiomyocytes. How-
ever, further mechanistic studies are needed to elucidate the
different roles of ROCK1 and ROCK2 in ROS production in
cardiomyocytes in response to pressure overload. Interestingly,
CyPA and Bsg play critical roles as downstream targets of Rho-
kinase in the enhancement of ROS production. CyPA is one of
the causative proteins that mediate oxidative stress-induced
cardiovascular dysfunctions, such as atherosclerosis, abdominal
aortic aneurysm, and cardiac hypertrophy (32, 44, 45). Further-
more, one of the CyPA receptors, Bsg, also plays crucial roles in
the pathogenesis of PH, cardiac hypertrophy, and HF (29, 33).
Our recent study demonstrated a synergy between Rho-kinase
and CyPA to increase ROS generation (46). As ROS stimulates
myocardial hypertrophy, matrix remodeling, and cellular dys-
function (47), Rho-kinase (especially ROCK2) and CyPA pro-
mote ROS production as well as cardiac hypertrophy and failure
in a synergistic manner. Consistent with our recent studies, we
detected a synergy between Rho-kinase, CyPA, and Bsg to in-
crease ROS production. Thus, Rho-kinase, especially ROCK2,
and CyPA may promote ROS production as well as cardiac hy-
pertrophy and failure in a synergistic manner in the heart of
cROCK1−/− mice after pressure overload. In addition, CyPA and
Bsg were also up-regulated in the lung from cROCK1−/− mice
after pressure overload, in which vascular remodeling and post-
capillary PH were significantly developed. Both CyPA and Bsg
are known to accelerate PH by stimulating oxidative stress and
inflammation (33, 48). Similarly, CyPA and Bsg in the lung may
also contribute to the development of postcapillary PH, which is
primarily caused by the passive backward transmission of ele-
vated filling pressure induced by LV dysfunction. Further anal-
yses using CyPA- and Bsg-deficient mice may reveal the specific
roles of CyPA and Bsg in pressure-overload-induced cardiac
dysfunction and postcapillary PH. Taken together, our findings
indicate that inhibiting both CyPA and Bsg may represent a
novel therapeutic strategy for the treatment of HF patients with
postcapillary PH. As patients with HF and coexisting post-
capillary PH show poor clinical outcomes (7, 9), targeting both
cardiac dysfunction and pulmonary vascular remodeling could be
a novel concept for the treatment of HF.

Celastrol as a Novel Therapeutic Agent for HF Patients with Postcapillary
PH. We demonstrated that fasudil, a specific inhibitor of both
ROCK1 and ROCK2, is effective in animal models of HF (19, 38).
In contrast, we previously demonstrated that Rho-kinase in-
hibition in mice by SM22α promoter-driven overexpression of
dominant-negative Rho-kinase showed arrhythmogenic right
ventricular cardiomyopathy (49). This result indicates that long-
term isoform nonselective inhibition of Rho-kinase may have an
impact on cardiac function. Indeed, in the present study, we
showed that pressure-overload-induced cardiac dysfunction and
postcapillary PH were accelerated in cROCK1−/− mice compared

with littermate controls, suggesting that ROCK1 plays crucial role
to maintain cardiac function in loaded conditions. In contrast,
cROCK2−/− mice showed decreased cardiac hypertrophy com-
pared with littermate controls after TAC. Furthermore, ROCK2
in cardiac fibroblasts is necessary to cause cardiac hypertrophy and
fibrosis (37). It has recently been demonstrated that a selective
ROCK2 inhibitor, KD025, could be an effective treatment for
ischemic stroke and autoimmune diseases (50, 51). The present
study indicates that selective ROCK2 inhibition could be a more
favorable therapy for HF.
However, in the present study, cardiomyocyte-specific

ROCK2-deficient mice showed a slight, but not dramatic, im-
provement in cardiac hypertrophy and fibrosis under pressure
overload. Moreover, when we consider the complex interactions
between ROCK1 and ROCK2 in cardiomyocytes and other cell
types, the use of selective ROCK2 inhibitor may not meet the
clinical needs to cure patients with HFpEF. Here, we also con-
sider that HF patients with postcapillary PH show worse exercise
tolerance and poor prognosis (7, 9). Thus, we decided to target
both HF and postcapillary PH. To this end, we focused on CyPA
and Bsg as common molecules that augment HF and PH. Here,
we used PASMCs and high-throughput screening to identify
novel agents to inhibit both CyPA and Bsg. In the present study,
we aimed to develop a novel therapeutic agent by focusing on
both CyPA and Bsg, two downstream targets of Rho-kinase (13).
As an additional strategy for HF with postcapillary PH, effective
treatment that achieves inhibition or reverses remodeling of
pulmonary arteries is warranted (34). PASMCs in the remodeled
pulmonary arteries have special characteristics with proproli-
ferative features. Based on the development of academic drug
discovery, we focused on the inhibition of PASMC proliferation
to discover a novel drug for HF with postcapillary PH. The DDI
was founded in Japan to promote an environment in which ac-
ademic drug discovery can be performed. Using these platforms,
we performed drug discovery based on a clinical perspective and
the knowledge of the pathogenesis of HF. In the present study,
we performed phenotypic screening and discovered compounds
with inhibitory effects on CyPA and Bsg. We finally selected
celastrol, presenting with antioxidant effects, for in vivo treat-
ment. Celastrol improved pressure-overload-induced cardiac dys-
function and postcapillary PH with no apparent side effects. Thus,
celastrol may be a promising drug for HF. Celastrol is a compound
obtained from Tripterygium wilfordii and its usefulness has been
reported in some inflammatory diseases, such as rheumatoid ar-
thritis, systemic lupus erythematosus, inflammatory bowel dis-
eases, osteoarthritis, and allergy (35). Celastrol suppresses the
activity of NF-κB, which up-regulates inflammatory genes and
enhances cardiac hypertrophy (52) and pulmonary vascular
remodeling (53). As CyPA and Bsg activate NF-κB (48, 54), the
effect of celastrol on HF may have been due to the inhibition of
CyPA/Bsg-NF-κB axis, which enhances ROS generation and in-
flammatory status. However, the beneficial effects of celastrol may
involve mechanisms other than reducing CyPA and Bsg. Further
analyses are required to identify the molecular and cellular targets
of celastrol in the treatment of HF.

Materials and Methods
To generate cardiac-specific ROCK1-deficient (cROCK1−/−) mice and cardiac-
specific ROCK2-deficient (cROCK2−/−) mice, Rock1flox/flox mice and Rock2flox/flox

mice were crossed with Myh6-cre+/− mice. The offspring were intercrossed. The
resulting offspring, Rock1flox/flox/Myh6-cre+/− mice (cROCK1−/−mice), Rock2flox/flox/
Myh6-cre+/− mice (cROCK2−/− mice), and their littermates were used for experi-
ments. Additional materials and procedures can be found in SI Appendix,
Supplementary Methods.

All animal experiments were conducted in accordance with the protocols
approved by the Tohoku University Animal Care and Use Committee
(no. 2017-Kodo-004).
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