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a b s t r a c t
Using a cellular approach, the present study examined whether fasudil and active metabolite hydroxyfasudil, Rho-kinase inhibitors, exert a direct protective effect on endothelin-induced cardiac myocyte
hypertrophy in vitro. Treatment with endothelin (10 nM) caused signiﬁcant hypertrophy of cultured neonatal rat cardiomyocytes by a 21.2% increase in cell surface area. Fasudil (1–10 lM) and hydroxyfasudil
(0.3–10 lM) signiﬁcantly prevented endothelin-induced cardiomyocyte hypertrophy. The present results
suggest that inhibition of cardiac hypertrophy by fasudil is, at least in part, due to direct protection of
cardiomyocytes from hypertrophy.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Cardiac hypertrophy is recognized as an adaptive increase in
heart size characterized by the growth of individual cardiomyocytes rather than an increase in cell number. Cardiac hypertrophy
is induced by a variety of diseases, including hypertension, pulmonary arterial hypertension, valvular diseases, myocardial infarction, and endocrine disorders [1,2]. Although cardiac hypertrophy
has been considered a compensatory mechanism required to normalize wall tension and to maintain cardiac output, prolonged
hypertrophy is a leading cause of heart failure and sudden death.
Growth-promoting factors such as angiotensin II and endothelin have been identiﬁed as triggers of a hypertrophic response at
the cardiomyocyte level. It has been reported that Rho/Rho-kinase
is involved in the signal transduction pathway in angiotensin II-induced and endothelin-induced cardiac hypertrophy [3,4]. To date,
the only Rho-kinase inhibitor employed clinically in humans is
fasudil, which has been used for the prevention of cerebral vasospasm and subsequent ischemic injury after surgery for subarachnoid hemorrhage [5]. In a previous study of rat in vivo, fasudil
suppressed the development of angiotensin II-induced cardiac
hypertrophy [6]. Because Rho-kinase is involved in various cellular
functions, including vascular smooth muscle contraction, downregulation of endothelial nitric oxide synthase, and cell migration
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[7], the inhibitory effect of Rho-kinase inhibitors on cardiac hypertrophy in vivo seems to be mediated by multiple mechanisms.
Using a cellular approach, the present study examined whether
fasudil and active metabolite hydroxyfasudil, another Rho-kinase
inhibitor, exert a direct protective effect on endothelin-induced
cardiac myocyte hypertrophy in vitro.
2. Materials and methods
All animals were used in accordance with ethical procedures
approved by the Japanese Pharmacological Society for the care
and use of laboratory animals.
2.1. Cardiomyocyte culture
Neonatal rat ventricular myocytes were prepared from the
hearts of 1- to 2-day-old Sprague–Dawley rats. Myocardial cells,
which were seeded into dishes at a density of 3  104 cells/cm2,
were incubated in 10% fetal calf serum containing DMEM/F12 at
37 °C for 24 h, and then further incubated with DMEM/F12 without
serum for 48 h.
2.2. Cell treatment
Cells were treated with or without fasudil (0.3–10 lM) or
hydroxyfasudil (0.3–10 lM). After 1 h of treatment with fasudil
or hydroxyfasudil, cells were treated with or without endothelin
(10 nM). After incubation with or without fasudil, hydroxyfasudil,
and/or endothelin for 48 h, photomicrographs were obtained.
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The surface area of the cardiomyocytes was determined in cells
before and after intervention with drugs. The cell surface area was
measured using a computerized image analysis system (NIH Image
1.61J) from 60 randomly selected cells per experiment and averaged to give an N value of 1.
2.4. Statistics
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of 0.05 or less were considered to indicate a signiﬁcant difference.
3. Results

Endothelin (10 nM)
Fasudil (µ
µM)

B

B

Control

C

D

Endothelin
(10 nM)

+

+

+

+

0.3

1

3

10

+

+

+

+

0.3

1

3

10

##
140

120

100
Endothelin (10 nM)

A

+
-

160
Cell surface area (%)

Representative photomicrographs of neonatal rat cardiomyocytes cultured for 48 h with or without fasudil and/or endothelin
are provided in Fig. 1. As shown in Fig. 1D, endothelin caused cardiomyocyte hypertrophy. Fasudil prevented the endothelin-induced cardiomyocyte hypertrophy (Fig. 1F).
The surface area of the cardiomyocytes before intervention with
drugs was deﬁned as 100%. A quantitative analysis showed that
treatment with endothelin (10 nM) caused signiﬁcant hypertrophy
of the cardiomyocytes by a 21.2% increase in cell surface area
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Fig. 2. Inhibition of endothelin-induced cardiomyocyte hypertrophy by fasudil (A)
or hydroxyfasudil (B). The surface area of cardiomyocytes before intervention with
drugs was deﬁned as 100%. Fasudil (1–10 M) and hydroxyfasudil (0.3–10 M)
signiﬁcantly prevented the endothelin-induced cardiomyocyte hypertrophy. Each
column represents the mean ± SEM of 3 experiments. ##p < 0.01 vs. control (nontreated) group and ⁄p < 0.05, ⁄⁄p < 0.01 vs. endothelin-treated group, respectively.

(control (non-treated) group, 117.5 ± 2.9%; endothelin-treated
group, 142.4 ± 3.0%) (Fig. 2A). Fasudil (1–10 lM) signiﬁcantly
prevented the endothelin-induced cardiomyocyte hypertrophy.
For example, fasudil (10 lM) held the cell surface area to 120.1 ±
2.5% in contrast to endothelin-treated cell surface area of
142.4 ± 3.0% (P < 0.01) (Fig. 2A). Hydroxyfasudil (0.3–10 lM) also
signiﬁcantly prevented endothelin-induced cardiomyocyte hypertrophy (Fig. 2B).
4. Discussion
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Fig. 1. Representative photomicrographs of cardiomyocytes cultured for 48 h with
or without fasudil (10 lM) and/or endothelin (10 nM). Before intervention with
drugs (A, C, E). After incubation with or without fasudil and/or endothelin for 48 h
(B, D, F).

Although fasudil has shown effectiveness on cardiac hypertrophy in a series of in vivo experimental studies [6,8], its cellular
mechanism of action has not been fully elucidated. Accumulating
evidence indicates that fasudil and hydroxyfasudil have a broad
spectrum of pharmacological properties including inhibition of
vascular constriction [9] and endothelial damage due to inhibition
of tissue factor expression, endothelial hyperpermeability [10] and
superoxide production [6], and due to upregulation of endothelial
nitric oxide synthase activity [11], as well as inhibition of hyperviscosity [12] and inﬂammatory responses via inhibition of neutrophil
and monocyte inﬁltration [13,14]. In the present study, to exclude
the possibility of indirect modulation via systemic effects on cardiac hypertrophy, cultured cardiomyocytes were used to examine
whether fasudil and hydroxyfasudil exert a direct protective effect
on cardiac myocyte hypertrophy. Fasudil and hydroxyfasudil show
a preventive effect on the development of cardiomyocyte hypertrophy in vitro, and this ﬁnding indicates that treatment with fasudil
has therapeutic beneﬁts against cardiac hypertrophy through not
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only indirect systemic effects but also a direct effect on
cardiomyocytes.
Previous studies have shown the possibility that agents with a
negative inotropic effect on the heart are useful for the treatment
of cardiac hypertrophy [15]. Because fasudil and hydroxyfasudil
have shown no inotropic effect on isolated hearts of guinea pigs
at concentrations up to 10 4 M [16,17], a protective effect on cardiac myocyte hypertrophy by fasudil and hydroxyfasudil is not
attributable to negative inotropism.
Fasudil is metabolized to the active metabolite hydroxyfasudil
in humans. In patients with subarachnoid hemorrhage, hydroxyfasudil was found in patients following intravenous infusion of
fasudil (30 mg/30 min), and the area under the plasma concentration–time curve (AUC) value of hydroxyfasudil was 4.5 times higher than the value of fasudil [18]. In rats, hydroxyfasudil was also
found following an oral administration of fasudil at 10 mg/kg,
and the AUC value of hydroxyfasudil was approximately 20 times
higher than that of fasudil [19]. Present ﬁndings showed fasudil
and hydroxyfasudil are equipotent in the inhibition of cardiomyocyte hypertrophy, and indicate that hydroxyfasudil contributes to
the potency of fasudil in inhibiting cardiac hypertrophy in vivo.
The present ﬁndings show that fasudil and hydroxyfasudil prevent the hypertrophy of cultured neonatal rat cardiomyocytes
in vitro. These results suggest that in vivo inhibition of cardiac
hypertrophy by fasudil is, at least in part, due to direct protection
of cardiomyocytes from hypertrophy.
Acknowledgments
The authors thank Mr. Lee Baker for pertinent comments. We
also express thanks to Ms. Hideyo Ohshige for assistance in preparing the manuscript.
References
[1] K.T.B. Mouchaers, I. Schalij, M.A. de Boer, P.E. Postmus, V.W.M. van Hinsbergh,
G.P. van Nieuw Amerongen, A. Vonk Noordegraaf, W.J. van der Laarse, Fasudil
reduces monocrotaline-induced pulmonary arterial hypertension: comparison
with bosentan and sildenaﬁl, Eur. Respir. J. 36 (2010) 800–807.
[2] H. Takano, Y. Zou, H. Akazawa, H. Toko, M. Mizukami, H. Hasegawa, M.
Asakawa, T. Nagai, I. Komuro, Inhibitory molecules in signal transduction
pathways of cardiac hypertrophy, Hypertens. Res. 25 (2002) 491–498.
[3] B.C. Bernardo, K.L. Weeks, L. Pretorius, J.R. McMullen, Molecular distinction
between physiological and pathological cardiac hypertrophy: experimental
ﬁndings and therapeutic strategies, Pharmacol. Ther. 128 (2010) 191–227.

[4] T. Doi, T. Sakoda, T. Akagami, T. Naka, Y. Mori, T. Tsujino, T. Masuyama, M.
Ohyanagi, Aldosterone induces interleukin-18 through endothelin-1,
angiotensin II, Rho/Rho-kinase, and PPARs in cardiomyocytes, Am. J. Physiol.
295 (2008) H1279–H1287.
[5] Y. Suzuki, M. Shibuya, S. Satoh, Y. Sugimoto, K. Takakura, A postmarketing
surveillance study of fasudil treatment after aneurysmal subarachnoid
hemorrhage, Surg. Neurol. 68 (2007) 126–132.
[6] M. Higashi, H. Shimokawa, T. Hattori, J. Hiroki, Y. Mukai, K. Morikawa, T. Ichiki,
S. Takahashi, A. Takeshita, Long-term inhibition of Rho-kinase suppresses
angiotensin II-induced cardiovascular hypertrophy in rats in vivo, Circ. Res. 93
(2003) 767–775.
[7] H. Shimokawa, A. Takeshita, Rho-kinase is an important therapeutic target in
cardiovascular medicine, Arterioscler. Thromb. Vasc. Biol. 25 (2005) 1767–
1775.
[8] S. Fukui, Y. Fukumoto, J. Suzuki, K. Saji, J. Nawata, S. Tawara, T. Shinozaki, Y.
Kagaya, H. Shimokawa, Long-term inhibition of Rho-kinase ameliorates diastic
heart failure in hypertensive rats, J. Cardiovasc. Pharmacol. 51 (2008) 317–326.
[9] S. Satoh, T. Utsunomiya, K. Tsurui, T. Kobayashi, I. Ikegaki, Y. Sasaki, T. Asano,
Pharmacological proﬁle of hydroxyl fasudil as a selective rho kinase inhibitor
on ischemic brain damage, Life Sci. 69 (2001) 1441–1453.
[10] S. Satoh, A. Hitomi, I. Ikegaki, K. Kawasaki, O. Nakazono, M. Iwasaki, M. Mohri,
T. Asano, Amelioration of endothelial damage/dysfunction is a possible
mechanism for the neuroprotective effects of Rho-kinase inhibitors against
ischemic brain damage, Brain Res. Bull. 81 (2010) 191–195.
[11] Y. Rikitake, H.H. Kim, Z. Huang, M. Seto, K. Yano, T. Asano, M.A. Moskowitz, J.K.
Liao, Inhibition of Rho kinase (ROCK) leads to increased cerebral blood ﬂow
and stroke protection, Stroke 36 (2005) 2251–2257.
[12] S. Satoh, M. Takayasu, K. Kawasaki, I. Ikegaki, A. Hitomi, K. Yano, M. Shibuya, T.
Asano, Antivasospastic effects of hydroxyfasudil, a Rho-kinase inhibitor, after
subarachnoid hemorrhage, J. Pharmacol. Sci. 118 (2012) 92–98.
[13] S. Satoh, T. Kobayashi, A. Hitomi, I. Ikegaki, Y. Suzuki, M. Shibuya, J. Yoshida, T.
Asano, Inhibition of neutrophil migration by a protein kinase inhibitor for the
treatment of ischemic brain infarction, Jpn. J. Pharmacol. 80 (1999) 41–48.
[14] S. Satoh, T. Yamaguchi, A. Hitomi, N. Sato, K. Shiraiwa, I. Ikegaki, T. Asano, H.
Shimokawa, Fasudil attenuates interstitial ﬁbrosis in rat kidneys with
unilateral ureteral obstruction, Eur. J. Pharmacol. 455 (2002) 169–174.
[15] S.P. Lubic, K.M. Giacomini, J.C. Giacomini, The effects of modulation of calcium
inﬂux through the voltage-sensitive calcium channel on cardiomyocyte
hypertrophy, J. Mol. Cell. Cardiol. 27 (1995) 917–925.
[16] T. Asano, I. Ikegaki, S. Satoh, Y. Suzuki, M. Shibuya, M. Takayasu, H. Hidaka,
Mechanism of action of a novel antivasospasm drug, HA1077, J. Pharmacol.
Exp. Ther. 241 (1987) 1033–1040.
[17] T. Utsunomiya, S. Satoh, I. Ikegaki, Y. Toshima, T. Asano, H. Shimokawa,
Antianginal effects of hydroxyfasudil, a Rho-kinase inhibitor, in a canine model
of effort angina, Br. J. Pharmacol. 134 (2001) 1724–1730.
[18] Y. Suzuki, M. Shibuya, S. Satoh, H. Sugiyama, M. Seto, K. Takakura, Safety and
efﬁcacy of fasudil monotherapy and fasudil-ozagrel combination therapy in
patients with subarachnoid hemorrhage: sub-analysis of the post-marketing
surveillance study, Neurol. Med. Chir. 48 (2008) 241–248.
[19] I. Ikegaki, T. Hattori, T. Yamaguchi, Y. Sasaki, S. Satoh, T. Asano, H. Shimokawa,
Involvement of Rho-kinase in vascular remodeling caused by long-term
inhibition of nitric oxide synthesis in rats, Eur. J. Pharmacol. 427 (2001) 69–75.

