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Kamolonol (7-[[(1R,2R,4R,4aS,5R,8aS)-4-hydroxy-1,2,4a,5-tetramethyl-6-oxo-3,4,5,7,8,8a-hexahydro-2H-
naphthalen-1-yl]methoxy]chromen-2-one) is a sesquiterpene coumarin and an active component of gum
extracts from Ferula assafoetida. The aim of this study was to investigate the anti-fibrotic and anti-cellular
hypertrophic effects of kamolonol, and further to explore its possible mechanism. Kamolonol (3–30 lM)
significantly inhibited stress fiber formation induced by angiotensin II (Ang II) in rat heart-derived H9c2
cells. Furthermore, kamolonol (3–30 lM) showed a potent inhibitory effect on Ang II-induced cellular
hypertrophy in H9c2 cells. Next, a Rho-associated kinase (ROCK) activity was measured because actin
stress fiber formation and/or cellular hypertrophy are usually induced by the activation of ROCK. Rho-
associated kinase 2 (ROCK2) studies using a time-resolved fluorescence resonance energy transfer (TR-
FRET) showed that kamolonol possesses a potent ROCK2 inhibitory activity with IC50 values of
2.27 lM, and has an ATP-competitive inhibitory mode. In validation study, pretreatment of kamolonol
(3–30 lM) for 2 h decreased the Ang II-induced phosphorylation of myosin phosphatase 1 (MYPT1)
and myosin light chain 2 (MLC2). Taken together, these results indicate that kamolonol suppresses
Ang II-induced stress fiber formation and cellular hypertrophy, and propose that one mechanism under-
lying these anti-fibrotic and anti-cellular hypertrophic effects involves inhibition of the ROCK-MLC
pathway.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Stress fibers are commonly thought as cytoskeletal structures
found along the basal plasma membrane. These structures are ac-
tin myosin-based contractile systems and seen as bundles of actin
filaments. Some of these bundles are less suited for cell motility
and more suited to static contraction [1]. However, inappropriate
regulation of stress fiber formation is directly involved in numer-
ous pathological situations, including cardiovascular disease and
cancer [2,3]. In fact, stress fibers are commonly observed in nearly
all major cardiovascular diseases including hypertension,
cardiomyopathy and heart failure, as well as cardiac remodeling
after myocardial infarction [4]. As such, the inhibition of stress fi-
ber formation has been considered to provide a pharmacological
strategy for preventing and treating cardiovascular diseases.
Although the exact mechanism is still eluted, Rho-associated ki-
nase (ROCK) is considered as one of the major mediators that affect
cell morphology [5], produces modifications in actin cytoskeletal
apparatus [6], and regulates transcription factors leading to cellu-
lar hypertrophy [7].

Ferula assafoetida L. is a perennial herb of the Umbelliferae fam-
ily that is widely distributed in Kashmir, Iran, Afghanistan, and In-
dia. The gum resin obtained by incision of the roots is known as a
flavoring agent in food and a famous folklore medicine in Ayurve-
da, a traditional medicine native to India [8]. It is considered to a
remedy for abdominal pain, constipation and diarrhea. Previous re-
search has reported that gum resin extract of F. assafoetida exerts
relaxation activities on intestinal smooth muscles and reducing
blood pressure in anesthetized normotensive rats [9,10]. It

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bbrc.2013.07.069&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.07.069
mailto:bhlee@krict.re.kr
http://dx.doi.org/10.1016/j.bbrc.2013.07.069
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


M.S. Kim et al. / Biochemical and Biophysical Research Communications 438 (2013) 318–323 319
contains a variety of monosaccharides, ferulic acids and coumarin
derivatives including sesquiterpene coumarins [11,12]. Kamolonol
(7-[[(1R,2R,4R,4aS,5R,8aS)-4-hydroxy-1,2,4a,5-tetramethyl-6-oxo-
3,4,5,7, 8,8a-hexahydro-2H-naphthalen-1-yl]methoxy]chromen-2-
one; Fig. 1) is a sesquiterpene coumarin and an active component
of F. assafoetida. Recently, we isolated kamolonol from the gum re-
sin extract of F. assafoetida, and found that it possesses inhibitory
activity against angiotensin II (Ang II)-induced stress fiber forma-
tion. To date, however, there is little information about the phar-
macological actions of kamolonol in cardiovascular disease
associated with fibrosis and cardiac hypertrophy. Therefore, the
present study was performed to evaluate the anti-fibrotic as well
as anti-cellular hypertrophic effects of kamolonol and further to
explore the possible mechanism underlying these effects of
kamolonol.
2. Materials and methods

2.1. Materials

Y27632 [4-(1-aminoethyl)-N-(4-pyridyl) cyclohexanecarboxa-
mide dihydrochloride monohydrate], a specific inhibitor of ROCK
[13], was purchased from Sigma–Aldrich (St. Louis, MO, USA). Hu-
man recombinant Rho-associated kinase 2 (ROCK2) was purchased
from Upstate (Millipore Co, Billerica, MA, USA). The fluorescent
peptide substrate (FAM-S6 ribosomal protein-derived peptide)
and an immobilized metal affinity for phosphochemicals (IMAP)-
based time-resolved fluorescence resonance energy transfer (TR-
FRET) Screening Express Kit were obtained from MDS Analytical
Technologies (Sunnyvale, CA, USA). 384-Well white flat-bottom
plates were purchased from Corning Life Sciences (Lowell, MA,
USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
Fig. 1. Chemical structure of kamolonol and immunofluorescent staining for actin stress
concentrations for 2 h, and then stimulated with angiotensin II (Ang II, 0.3 lM) for 1 h.
same fields were counter stained with Hoechst 33342 dye for the location of the nuclei.
control (�), #P < 0.05, significantly different from control (+) stimulated with Ang II (0.3
serum, and antibiotics were purchased from GIBCO BRL (Grand
Islang, NY, USA). Anti-myosin phosphatase 1 (MYPT1), anti-phos-
phorylated MYPT1 (anti-p-MYPT1), anti-myosin light chain 2
(anti-MLC2), and anti-phosphorylated MLC2 (anti-p-MLC2) rabbit
polyclonal antibodies were purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Alexa fluor 586 phalloidin (F-actin probe)
was purchased from Invitrogen (Carlsbad, CA, USA).

2.2. Isolation and identification of kamolonol

Commercially available Asafoetida (gum resin of F. assafoetida)
was purchased from Arjuna Natural Extracts Ltd., Kerala, India.
The voucher specimen (KR0176) was authenticated by Prof.
Young-Kyoon Kim and deposited at the herbarium of the Korea Re-
search Institute of Chemical Technology. The gum resin of F. assa-
foetida (1.2 kg) was extracted with methanol (20 L) three times at
room temperature for 7 days. Concentration of the solvent gave
460 g of extract, which was suspended in water and then parti-
tioned with n-hexane (56 g), dichloromethane (290 g), and n-buta-
nol (50 g) successively. The dichloromethane layer (5 g) was
suspended in 100 ml dichloromethane and subjected to chroma-
tography on silica gel column (3.0 � 80 cm), eluted with dichloro-
methane–methanol by stepwise gradient (100:0 ? 50:0 ? 10:1),
to yield four fractions. Among them, fraction 2 (570 mg) was puri-
fied by repeated silica gel column chromatography eluting with
hexane/ethylacetate to afford 120 mg of kamolonol. Isolated
kamolonol was identified by a direct comparison of physical and
spectral properties (1H NMR and 13C NMR).

2.3. Cell culture

Rat heart-derived H9c2 cells were purchased from the
American Type Culture Collection (ATCC, Rockville, MD, USA) and
fiber formation in H9c2 cells. Cells were pretreated with kamolonol at the indicated
Actin stress fiber formation was visualized using an Alexa fluor 586 phalloidin. The
Data are expressed as the mean ± S.D. (n = 7). ⁄P < 0.05, significantly different from
lM).
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maintained at 1 � 106 cells/ml in DMEM supplemented with 10%
fetal bovine serum, penicillin G (100 IU/ml), streptomycin
(100 lg/ml), and L-glutamine (2 mM) in a 37 �C humidified atmo-
sphere containing 5% CO2 and 95% air. Cells were then starved in
serum free media for 3 h and stimulated with 0.1 or 0.3 lM Ang
II in the presence or absence of kamolonol (1–30 lM) at the indi-
cated times. Stock solutions of kamolonol were prepared in di-
methyl sulfoxide, and the maximum concentration of dimethyl
sulfoxide in experimental media was 0.1%. Cells were cultured
(37 �C, 5% CO2) in a 16 well chamber slide (for immunofluorescent
staining) or in 6 well plates (for western blotting or cellular hyper-
trophy). Cells were used at the following passage numbers: H9c2
cells (P3–15).
2.4. Immunofluorescent staining for F-actin stress fiber formation

For immunofluorescent staining, H9c2 cells were plated on a
chamber slide (Thermofisher, Rochester, NY, USA) at 1 � 105

cells/ml. After preincubation with or without kamolonol (1–
30 lM) for 1 h, they were treated with Ang II (0.3 lM) for 2 h, fixed
with 4% paraformaldehyde for 20 min, incubated with 0.5% Triton
X-100 for 5 min at �20 �C in a freezer, and then blocked with 1%
bovine serum albumin for 30 min. Cells were then probed with
Alexa fluor 586 phalloidin (Invitrogen, Carlsbad, CA, USA, diluted
1:1000) for 30 min at room temperature in the dark, washed with
phosphate-buffered saline solution three times, and stained with
Hoechst 33342 dye for 2 min. Fluorescent images were obtained
under a fluorescence microscope at 400� magnification (Nikon,
Tokyo, Japan).
Fig. 2. Effects of kamolonol on cellular hypertrophy induced by angiotensin II (Ang II) in
expressed as the relative mean area ± S.D. (n = 21). ⁄P < 0.05, significantly different from
(0.3 lM).
2.5. Cellular hypertrophy measurement

Cellular hypertrophy was measured from H9c2 cells treated
with Ang II (0.3 lM) for 4 consecutive days as previously described
[14]. For the study of cellular hypertrophy, cells were seeded at a
density of 3 � 104 cells per 35-mm well of six-well plates and cul-
tured for 24 h in DMEM containing 10% fetal bovine serum. Cells
were washed with serum-free medium (DMEM without serum)
and then treated with kamolonol (1–30 lM) under serum-free
conditions for 24 h. Cells were treated with potential hypertrophic
agonists, Ang II (0.3 lM) in quiescence medium (DMEM with 0.5%
fetal bovine serum) with or without a fresh supply of kamolonol.
Following this, cells were incubated for another 4 days at 37 �C
in a humidified atmosphere containing 5% CO2 to induce hypertro-
phic responses. After inducing cellular hypertrophy, adherent cells
were fixed with 1% glutaraldehyde (Sigma–Aldrich) in phosphate
buffered saline for 30 min and stained with 0.1% Crystal violet (Sig-
ma–Aldrich) for 10 min. Images were obtained using a digital cam-
era attached to an inverted microscope (Nikon) for analysis. Four
random photographs were taken from each sample, and at least
140 individual cells were examined in each group. Cell size was
analyzed using Image-Pro PLUS software (Media Cybernetics, Sil-
ver Spring, MD, USA). The data shown represent image analysis
from three independent experiments.
2.6. Time-resolved fluorescence resonance energy transfer assay for
ROCK2

ROCK2 assay was performed using 0.1 lg/ml ROCK2 in kinase
reaction buffer (10 mM Tris–HCl, pH 7.2, 10 mM MgCl2, 0.05%
H9c2 cells. Cell size was analyzed using Image-Pro PLUS software, and the data are
control (�), #P < 0.05, significantly different from control (+) stimulated with Ang II
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NaN3), containing 0.01%, Tween-20 and 1 mM dithiothreitol as pre-
viously reported [15]. Fluorescein-tagged S6 ribosomal protein-de-
rived substrate (5FAM-AKRRRLSSLRA-COOH) and ATP were used
with a final concentration of 1 or 3 lM, respectively. The total reac-
tion volume was 20 ll and kamolonol (0.001–30 lM) was preincu-
bated with ROCK2 for 10 min before adding the S6 ribosomal
protein-derived substrate and ATP. Kinase reactions were con-
ducted for 45 min at room temperature in white standard 384-well
plates and then 60 ll of detection mixture (1:600 dilution of IMAP
binding reagent and 1:400 dilution of Terbium donor supplied by
MDS Analytical Technologies) was added to kinase reaction plates
3 h before reading the plates. The TR-FRET counts were measured
using the Envision (PerkinElmer Oy, Turku, Finland) multilabel
counter with a TR-FRET option. The instrument settings used were
340 nm for excitation and 520 nm and 495 nm for emission with a
100 ls delay time. Measured TR-FRET counts were used to calcu-
late percent inhibitions and IC50 values.

2.7. Immunoblot for myosin phosphatase 1 and myosin light chain 2

H9c2 cells were treated with or without kamolonol (1–30 lM)
for 2 h before Ang II stimulation. Cells were then stimulated with
0.1 lM Ang II for 15 min to determine levels of myosin phospha-
tase 1 (MYPT1), myosin light chain 2 (MLC2), phosphorylated
MYPT1 (p-MYPT1), and phosphorylated MLC2 (p-MLC2). Ang II-
stimulation was stopped by adding ice-cold phosphate-buffered
saline. The cells were then lysed for immunoblotting. Equal
amounts of extracted proteins were separated on 12% or 6% SDS–
polyacrylamide gels, transferred to nitrocellulose membranes.
Blots were probed with rabbit polyclonal antibodies against
MYPT1, p-MYPT1, MLC2, and p-MLC2. Proteins transferred to
membranes were detected using the LumiGLO kit (New England
Biolabs, Ipswich, MA, USA). All antibodies were purchased from
Cell Signaling (Danvers, MA, USA) and used at a dilution of 1:1000.

2.8. Statistical analysis

All values are expressed as means ± SDs. Data were analyzed by
one-way analysis of variance (ANOVA), followed by Dunnett’s test
for multiple comparisons (Sigma Stat, Jandel Co., San Rafael, CA,
USA). Concentration-response curves were analyzed by nonlinear
regression using PRISM version 3.0 (GraphPad Software Inc., La Jol-
la, CA, USA), and the IC50 value of kamolonol (the concentration re-
quired to reduce the TR-FRET count to 50% of the positive control)
was calculated. In all comparisons, statistical significance was ac-
cepted for P values of <0.05.
Fig. 3. Inhibitory effect of kamolonol on Rho-associated kinase 2 (ROCK2) activity
(A), and inhibitory mode of kamolonol (B). The ROCK2 activity was determined by
IMAP-TR-FRET as described in the Materials and Methods sections. Y27632 was
used as a reference compound for ROCK2 assay. The percent inhibition was
calculated as ([raw data of compound–Meanc�]/[Meanc+�Meanc�]) � 100. Data are
expressed as the mean ± S.D. (n = 3). Double reciprocal plots of 1/v versus 1/[ATP]
were carried out using varying concentrations of ATP (0.625–10 lM), ROCK2
(0.1 lg/multilabel), and substrate (1 lM) in the presence or absence of kamolonol.
The initial rate v was estimated as an amount of phospho-substrate transferred
during the reaction period (nM/min).
3. Results

3.1. Cellular effects of kamolonol on actin stress fiber formation

To evaluate the cellular effect of kamolonol, we used an actin
stress fiber formation assay. As shown in Fig. 1, treatment with
Ang II (0.3 lM) alone (Control (+)) for 2 h caused an increase of ac-
tin stress fiber formation by approximately 1.7 times. This increase
of actin stress fiber formation induced by Ang II was significantly
suppressed by pretreatment with kamolonol (3–30 lM). This sup-
pressive effect on actin stress fiber formation was also observed
with 0.3 lM Y27632, a specific ROCK inhibitor.

3.2. Effects of kamolonol on cellular hypertrophy induced by Ang II in
H9c2 cells

In control H9c2 cells treated with Ang II (0.3 lM) alone (Control
(+)) for 4 consecutive days, cell size was significantly increased by
approximately 1.5 times (Fig. 2). The increase in cell size induced
by Ang II was inhibited by pretreatment with kamolonol in a con-
centration-dependent manner. In particular, cellular hypertrophy
induced by Ang II was significantly inhibited by concentrations
above 3 lM of kamolonol and completely blocked by 30 lM. Such
inhibitory effect on cellular hypertrophy was also observed with
0.3 lM Y27632.

3.3. Inhibitory effects of kamolonol on ROCK2

The inhibitory effects of kamolonol on the activities of ROCK2
were evaluated using a kinase assay based on IMAP-TR-FRET,
which involves specific interactions between proprietary nanopar-
ticles and covalent phosphorylated moieties. Phosphosubstrate–
nanoparticle binding events can be directly quantified and ex-
pressed as TR-FRET counts, which reflect the amount of ROCK-in-
duced phosphorylation of a substrate. The assay conditions of
ROCK2-IMAP-TR-FRET assays were verified using Y27632 as a ref-
erence compound (IC50 values: 0.23 lM), which agreed with the



Fig. 4. Inhibitory effects of kamolonol against angiotensin II (Ang II)-induced phosphorylation of myosin phosphatase 1 (MYPT1) and myosin light chain 2 (MLC2). Cells were
pre-incubated for 2 h with or without kamolonol at the indicated concentrations and then stimulated with Ang II (0.1 lM). Detection of the total MYPT1 and MLC2 was
estimated by protein-loading control for each lane.
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IC50 values obtained using a radio-isotope based kinase assay
(0.3 lM) [13]. As shown in Fig. 3A, kamolonol inhibited the
ROCK2-induced TR-FRET counts in a concentration-dependent
manner, and provided IC50 values of 2.27 lM.

In the inhibition mode studies, double reciprocal plots of 1/v
versus 1/[ATP] were performed using various concentrations of
ATP (0.625–10 lM), ROCK2 (0.1 lg/ml), and S6 ribosomal pro-
tein-derived substrate (1 lM) in the presence or absence of kamol-
onol. The initial rate v was defined as rate of phospho-substrate
transfer (nM/min). As shown in Fig. 3B, kamolonol behaved as an
ATP-competitive inhibitor of ROCK2.

3.4. Inhibitory effects of kamolonol on MYPT1 and MLC2
phosphorylation in activated H9c2 cells

To assess the effects of kamolonol on the phosphorylations of
MYPT and MLC via ROCK activation, we prepared extracts of
H9c2 cells activated with Ang II and determined phosphorylated
MYPT1 and MLC2 levels by immunoblotting. As shown in Fig. 4,
treatment with 0.1 lM Ang II for 15 min caused the phosphoryla-
tions of MYPT1 and MLC2 in H9c2 cells and these Ang II-induced
phosphorylations were decreased by pretreatment with kamolonol
(3–30 lM). In the same experiment, the phosphorylation of MYPT1
and MLC2 were inhibited by pretreatment with Y27632 (0.3 lM).

4. Discussion

Recently, we isolated kamolonol from the gum resin extract of F.
assafoetida. Kamolonol (7-[[(1R,2R,4R,4aS,5R,8aS)-4-hydroxy-
1,2,4a,5-tetramethyl-6-oxo-3,4,5,7, 8,8a-hexahydro-2H-naphtha-
len-1-yl]methoxy]chromen-2-one) is comprised in a sesquiterpene
with coumarin residue. To date, there is little information about
the pharmacological actions of kamolonol besides to antiplasmo-
dial activity [16]. In the present study, we found that kamolonol
markedly inhibited Ang II-induced actin stress fiber formation in
H9c2 cells. On increasing the concentration of kamolonol, thin cen-
tral stress fibers were gradually lost, whereas thick peripheral
stress fibers remained. These results are typical of ROCK inhibition
[17], and it is well known that ROCK plays a pivotal role in the
organization of actin filaments in cells including formation of
stress fibers [6,18]. Furthermore, kamolonol significantly and con-
centration-dependently suppressed the increase in cell size in-
duced by Ang II in the cellular hypertrophy study. Cellular
hypertrophy is associated with distinct morphological changes in
cell shape and remodeling of the actin cytoskeleton. ROCK appears
to be an important mediator to affect cell morphology [5,19],
through regulation of actin cytoskeletal apparatus [6] and cellular
hypertrophic gene expression [7,20]. Based on these consider-
ations, we hypothesized that the anti-fibrotic and anti-cellular
hypertrophic effect of kamolonol may be due to blocking the
ROCK-signaling pathway.

Although there are both isoforms of ROCK1 and ROCK2, ROCK2
activity was measured because ROCK2 is mostly expressed in heart
and brain [21,22]. As we expected, ROCK2-TR-FRET assay revealed
that kamolonol possesses a potent ability to inhibit ROCK2 with
IC50 values of 2.27 lM and behaves as an ATP-competitive inhibi-
tor. The ROCK2-TR-FRET assay was standardized for the optimum
concentration of the individual components of ROCK2, substrate,
ATP, Tb-donor, and nanoparticle [15]. In addition, this assay was
validated with Y27632 a standard inhibitor, prior to screening of
kamolonol. These results suggest that kamolonol potently inhibits
ROCK2 and that by so doing it modulates actin stress fiber forma-
tion and cellular hypertrophy. These anti-fibrotic and anti-cellular
hypertrophic effects of kamolonol explain, at least in part, its phar-
macology and mode of action.

Phosphorylation of MYPT by ROCK inhibits phosphatase activity
[23], leading to increased MLC phosphorylation and subsequent
enhancement of stress fiber formation [1]. To confirm ROCK2
inhibitory activity of kamolonol, we investigated whether kamolo-
nol regulates the phosphorylations of MYPT and MLC. In the pres-
ent study, immunoblot analysis showed that the kamolonol
decreased the Ang II-induced phosphorylations of MYPT1 and
MLC2. Of the multiple substrates involved in ROCK signaling, MYPT
is known to be a major downstream target [24]. MYPT regulates
the interaction of actin and myosin in response to signaling
through ROCK activation. The phosphorylation of MYPT1 at
Thr696 by ROCK results in phosphatase inhibition and cytoskeletal
reorganization [25]. ROCK also regulates the activity of MLC by di-
rect MLC phosphorylation [26]. ROCK phosphorylates Ser19 of
MLC2, which directly regulates the assembly of actin stress fiber
[27].

In conclusion, our results showed for the first time that kamol-
onol suppresses the stress fiber formation and cellular hypertrophy
in Ang II-stimulated H9c2 cells. In addition, the results in the pres-
ent study suggest that kamolonol possesses a potent ROCK2 inhib-
itory activity, and that ROCK2 inhibition suppresses actin stress
fiber formation and cellular hypertrophy by inhibiting the phos-
phorylations of MYPT and MLC. However, further studies are nec-
essary to elucidate the molecular entities directly responsible.
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Appendix A. Supplementary data

Supplementary data associated with this article (1H NMR and
13C NMR spectral data of kamolonol) can be found, in the online
version, at http://dx.doi.org/10.1016/j.bbrc.2013.07.069.
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