
Introduction

Heart failure is one of most prevalent diseases in the world and fre-
quently results from sustained biomechanical overload [1]. After a
prolonged period of compensatory adaptation of cardiac hypertro-
phy, the myocardium undergoes functional and histological deteri-
oration [2, 3]. Increasing evidence suggests that mechanical left
ventricular wall stress induces cardiac hypertrophy and failure, in
part, by induction of reactive oxygen species (ROS) [4, 5]. ROS can
mediate the hypertrophic signals induced by phenylephrine (PE)
and angiogensin II (Ang II). Many of the signalling events stimu-

lated by ROS are mediated by members of the mitogen-activated
protein kinase (MAPK) family, including the extracellular signal-
regulated kinase (ERK1/2), p38, and the c-Jun NH2-terminal kinase
(JNK) [6, 7]. Among the MAPKs, ERK1/2 has been considered as
the essential regulator of a hypertrophic response, although JNK
and p38 were recently examined in regulating cardiac hypertrophy
[8]. The activation of the ERK1/2 is triggered by MAPK/ERK
kinase-1/2 (MEK1/2) via phosphorylation of serine/threonine
residues [9]. Therefore, blocking ROS will attenuate MAPK sig-
nalling and then inhibit the development of cardiac hypertrophy.
Consistent with this notion, recent studies demonstrated that
treatment with antioxidants inhibits the hypertrophic response of
cardiac myocytes [10–13]. Natural antioxidants, such as polyphe-
nols from grapes and grape products, have recently attracted
 considerable attention for the prevention of oxidative stress-
related diseases [14, 15]. The fruits and flowers of Crocus sativus
(saffron) are important dietary ingredients in traditional India and
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China. Pistils of saffron are always used in traditional Indian med-
icine as analgesics and cardioprotective agents. Crocetin is a kind
of carotenoid present in saffron, and accumulating evidence
demonstrated that it possesses a number of pharmacological
activities [16–18]. Crocetin can show strong antioxidant effect
including scavenging oxygen free radicals, suppressing lipid per-
oxidation, protecting myocardial cell and modulating intracellular
Ca2� flux. Crocetin has also been reported to inhibit tumour cell
proliferation, protect against hepatotoxicity, prevent atherosclero-
sis in hyperlipidaemic rabbits and improve insulin resistance in
rats [19, 20]. Recently, Shen et al. [21, 22] demonstrated that
 crocetin could prevent cardiac hypertrophy induced by overload-
ing pressure and norepinephrine in rats. However, the effects of
crocetin on cardiac hypertrophy and the related signalling mecha-
nisms still remain unclear. The aims of this study were, therefore,
to determine whether crocetin can attenuate cardiac hypertrophy
induced by Ang II in cultured neonatal rat cardiac myocytes in
vitro and pressure overload-induced cardiac hypertrophy in mice
in vivo, as well as to identify the molecular mechanisms that may
be responsible for its putative effects.

Methods and materials

Materials

The antibodies used to recognize total phosphorylation of ERK1/2, P38 
and JNK1/2 as well as of phospho-Smad2, I�B kinase alpha (IKK�), I�B
kinase beta (IKK�), phospho-I�B� and inhibitor of �B alpha (I�B�) were
purchased from Cell Signaling Technology (Danvers, MA, USA). [3H]-
Leucine and [3H]-proline were purchased from Amersham. The BCA pro-
tein assay kit was purchased from Pierce (Rockford, IL, USA), and the IKK
activity kit was obtained from B&D Bioscience (San Jose, CA, USA). All
other antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Transforming growth factor (TGF)-�1 was purchased from
R&D Systems (Minneapolis, MN, USA). Foetal calf serum (FCS) was
obtained from Hyclone (Logan, UT, USA). NF-�B-, connective tissue
growth factor (CTGF)- and collagen 1A2 (COL1A2)-luc report constructs
were described previously [23]. Crocetin was obtained from MP
Biomedicals (Solon, OH, USA), and cell culture reagents and all other
reagents were obtained from Sigma (Oakville, ON, Canada). Crocetin was
dissolved in dimethylsulphoxide (DMSO) medium for all in vitro studies.

Cultured neonatal rat cardiac myocytes 
and fibroblasts

Primary cultures of cardiac myocytes were prepared as described previ-
ously [23, 24]. Cells from the hearts of 1- to 2-day-old Sprague–Dawley
rats were seeded at a density of 1 � 106/well into 6-well culture plates in
a plating medium consisting of F10 medium supplemented with 10% FCS
and penicillin/streptomycin. After 48 hrs, the culture medium was replaced
with F10 medium containing 0.1% FCS and 5-Bromo-2�-deoxyuridine
(BrdU) (100 �M). After 24 hrs of serum starvation, crocetin alone or
 crocetin followed by Ang II (1�M) was added to the medium and the

 cultures were incubated for the indicated time. Viability was determined by 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay.

Cultures of neonatal rat cardiac fibroblasts were described previously
[23]. Briefly, the hearts obtained from neonatal rats were enzyme-digested,
as described above for myocytes. The adherent non-myocyte fractions
obtained during pre-plating were grown in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% FCS until confluent and passaged with
trypsin-ethylenediaminetetraacetic acid (EDTA). All experiments were per-
formed on cells from the first or second passages that were placed in
DMEM containing 0.1% FCS for 24 hrs before the experiment. The purity
of these cultures was greater than 95% cardiac fibroblasts, as determined
by positive staining for vimentin and negative staining for smooth muscle
actin and von Willebrand factor. For cell infection, 1 � 106/well cardiac
myocytes or cardiac fibroblasts were cultured in 6-well plates and exposed
to 2 � 108 pfu of each virus in 1 ml of serum-free medium for 24 hrs. The
cells were then washed and incubated in serum-containing media for 24 hrs.

[3H]-Leucine incorporation, surface area 
and collagen synthesis assay

[3H]-Leucine incorporation was measured as described previously [23,
24]. Briefly, cardiac myocytes were pre-treated with crocetin for 60 min.,
subsequently stimulated with Ang II (1 �M), endotelin-1 (ET-1; 0.1 �M),
phenylephrine (100 �M) and insulin-like growth factor-1 (IGF-1; 0.1 �M)
and coincubated with [3H]-leucine (1 �Ci/ml) for the indicated time. At the
end of the experiment, the cells were washed with Hanks’ solution, scraped
off the well and then treated with 10% trichloroacetic acid (TCA) at 4	C for
60 min. The precipitates were then dissolved in NaOH (1 N) and subse-
quently counted in a scintillation counter. For surface areas, the cells were
fixed with 3.7% formaldehyde in PBS, permeabilized in 0.1% Triton X-100
in PBS and stained with �-actinin (Sigma) at a dilution of 1:100 by stan-
dard immunocytochemical techniques. Collagen synthesis was evaluated
by measuring [3H]-proline incorporation, as described previously [23]. In
brief, cardiac fibroblasts were made quiescent by culturing in 0.1% FCS
DMEM for 24 hrs, pre-treating with crocetin for 60 min. and subsequently
incubating with Ang II and 2 �Ci/ml [3H]-proline for the indicated time.
The cells were washed with PBS twice, treated with ice-cold 5% TCA for
1 hr and washed with distilled water twice. They were then lysed with 1 N
NaOH solutions and counted in a liquid scintillation counter. The count
representing the amount of newly synthesized collagen was normalized to
the cell number.

Reporter assays, Western blotting 
and quantitative real-time RT-PCR

Cardiac fibroblasts were seeded in triplicate in 6-well plates. They were
transfected with 0.5 �g of luciferase reporter constructs and internal
control plasmid DNA using 10 �l of LipofectAMINE reagent (Invitrogen),
according to the manufacturer’s instructions. After 6 hrs of exposure to
the DNA–LipofectAMINE complex, the cells were cultured in a medium
containing 10% serum for 24 hrs and then incubated with serum-free
medium for 12 hrs. The cells were pre-treated with crocetin for 60 min.
and then treated with Ang II. They were harvested using a passive lysis
buffer (Promega, Madison, WI, USA), according to the manufacturer’s
protocol. The luciferase activity was normalized by control plasmid. All
experiments were done in triplicate and repeated at least three times.
For Western blot, cardiac tissue and cultured cardiac myocytes or
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fibroblasts were lysed in RIPA lysis buffer. Fifty micrograms of cell
lysate were used for SDS-PAGE, and the proteins were then transferred
to an Immobilon-P membrane (Millipore). Specific protein expression
levels were normalized to either the glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) protein for total cell lysate and cytosolic protein or
the lamin-B1 protein for nuclear protein signal on the same nitrocellu-
lose membrane. For real-time PCR, total RNA was extracted from frozen,
pulverized mouse tissues using TRIzol (Invitrogen) and from synthe-
sized cDNA using oligo (dT) primers with the Advantage RT-for-PCR kit
(BD Biosciences). We quantified PCR amplifications using SYBR Green
PCR Master Mix (Applied Biosystems) and normalized results against
GAPDH gene expression.

Electrophoretic mobility shift assay and IKK assay

To examine the DNA-binding activities of NF-�B and GATA-4, elec-
trophoretic mobility shift assays (EMSA) were performed, according to the
manufacturer’s instructions (Gel Shift Assay System E3300; Promega).
Nuclear proteins were isolated, as described previously [11, 12]. Protein
concentrations were measured by the BCA protein assay reagents (Pierce)
using bovine serum albumin (BSA) as a standard. To determine the effect
of crocetin on IKK activation, the IKK assay was performed, as described
previously [11].

Animal models, echocardiography 
and blood pressure

All protocols were approved by institutional guidelines. All surgeries and
subsequent analyses were performed in a blinded fashion for all groups.
Adult male C57/B6 mice (8- to 10-week-old) were used in the current
study, which were purchased from the Jackson Laboratory and acclima-
tized for 1 week prior to experimental use. Aortic banding (AB) was per-
formed as described previously [23]. Doppler analysis was performed to
ensure that physiological constriction of the aorta was induced. Crocetin
suspension was prepared using 0.5% carboxymethylcellulose solution for
animal experiments. Suspensions were freshly prepared and administered
at a constant volume of 1 ml/100 g body weight by oral gavage three
times a day. The control group of these animal experiments was given the
same volume of liquid but comprising solely of the vehicle solution (0.5%
carboxymethylcellulose). The internal diameter and wall thickness of the
left ventricle were assessed by echocardiography in the indicated time
after surgery or infusion. The hearts and lungs of the killed mice were dis-
sected and weighed to compare heart weight/body weight (HW/BW;
mg/g) and lung weight/body weight (LW/BW; mg/g) ratios in the crocetin-
treated and vehicle-treated mice. Echocardiography was performed by
SONOS 5500 ultrasound (Philips Electronics, Amsterdam, The
Netherlands) with a 15-MHz linear array ultrasound transducer. The left
ventricle was assessed in both parasternal long-axis and short-axis views
at a frame rate of 120 Hz. End-systole or end-diastole was defined as the
phase in which the smallest or the largest area of the left ventricle, respec-
tively, was obtained. Left ventricular end-diastolic diameter (LVEDD) and
left ventricular end-systolic diameter (LVESD) were measured from the
left ventricular M-mode tracing, with a sweep speed of 50 mm/s at the
mid-papillary muscle level. Blood pressure was recorded by a microtip
catheter transducer (SPR-839; Millar Instruments, Houston, TX, USA)
inserted into the right carotid artery and advanced into the left ventricle for
haemodynamical measurements.

Histological analysis

The hearts were excised, washed with saline solution and placed in 10%
formalin. They were cut transversely close to the apex to visualize the left
and right ventricles. Several sections of the heart (4- to 5-�m-thick) were
prepared and stained with haematoxylin and eosin and wheat germ agglu-
tinin (WGA) for histopathology or Picrosirius red (PSR) for collagen depo-
sition and then visualized by light microscopy. For myocyte cross-sectional
area, the sections were stained with haematoxylin and eosin. A single
myocyte was measured with an image quantitative digital analysis system
(Image Pro-Plus 4.5, Media Cybernetics, Silver Spring, MD, USA). The out-
line of 100–200 myocytes was traced in each section.

Measurements of ROS in vitro and in vivo

Cardiac myocytes were cultured on coverslips in 35-mm dishes and then
pre-treated with crocetin and subsequently stimulated with 1 �M Ang II for
the indicated time. Intracellular generation of ROS was quantified using
2�,7�-dichlorofluorescein dilacerate (DCFH-DA). The cells were incubated
with 5 �M DCFH-DA in the dark for 60 min., and immunofluorescence was
visualized using laser scanning confocal microscope (488 nm, 200 mW).
ROS in the heart tissue were quantified using electron spin resonance
(ESR) spectroscopy with 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl
(hydroxy-TEMPO), as described previously [11].

Statistical analysis

Data are expressed as means 
 S.E.M. Differences among groups were
tested by one-way ANOVA. Comparisons between two groups were per-
formed by an unpaired Student’s t-test. A value of P � 0.05 was consid-
ered statistically different.

Results

Crocetin attenuates cardiac hypertrophy in vitro

To rule out the possibility of cytotoxicity, we determined the num-
ber of viable cells using MTT assay. Crocetin was determined to be
non-cytotoxic for cardiac myocytes at all tested concentrations as
the cells were observed to be healthy even in the presence of 
10 �M crocetin at the end of 48 hrs (Fig. 1A). In the current study,
crocetin was dissolved in DMSO medium for the in vitro studies.
There were also no observable adverse effects by the administra-
tion of DMSO and Ang II on cellular viability for any of the
 treatment conditions (data not shown). DMSO alone, without cro-
cetin, served as a control and did not show any effect on cell via-
bility, cardiac hypertrophy and collagen synthesis (data not
shown). To examine the effects of crocetin on cardiac hypertrophy,
cardiac myocytes were incubated with crocetin at the indicated
concentrations for 60 min. and subsequently treated with Ang II 
(1 �M) for 48 hrs. Pre-treatment with crocetin demonstrated a
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Fig. 1 Crocetin inhibits cardiac hypertrophy
in vitro. (A) Effect of crocetin and/or Ang II
on cell viability in cardiac myocyte. (B)
Crocetin inhibited Ang II-induced [3H]-
leucine incorporation. (C) Quantification of
cell cross-sectional area by measuring 100
random cells. (D, E) Crocetin blunted Ang II-
induced ANP and BNP promoter activities
and protein expression levels. Cardiac
myocytes were incubated with different
doses of crocetin (1–10 �M) for 48 hrs or
pre-treated with 10 �M crocetin for 60 min.
and then incubated with 1 �M Ang II for the
indicated time. (F) Crocetin inhibited protein
synthesis induced by endotelin-1 (ET-1; 
0.1 �M), phenylephrine (PE; 100 �M) and
insulin-like growth factor-1 (IGF-1; 0.1 �M)
in cardiac myocytes. Cell viability, [3H]-
leucine incorporation, reporter assay and
Western blot were measured as described
under Methods and materials. The results
were reproducible in three separate experi-
ments. *P � 0.05 versus exposed to control.
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dose-dependent reduction in Ang II-induced increases of 
[3H]-leucine incorporation that showed maximal effects at 10 �M
(Fig. 1B). Additionally, the increase in cardiac myocyte size seen
after 48 hrs of culture in the presence of Ang II was also markedly
attenuated after treatment with crocetin (Fig. 1C). Further studies
demonstrated that crocetin significantly decreased atrial natri-
uretic peptide (ANP) and B-type natriuretic peptide (BNP) protein
expression levels and promoter activities induced by Ang II 
(Fig. 1D and E). However, crocetin alone had no significant differ-
ence compared with control in [3H]-leucine incorporation, cardiac
myocyte size and the expression of ANP and BNP genes. We also
tested whether crocetin could block cardiac hypertrophy induced
by ET-1, PE and IGF-1. The result revealed that crocetin also
 significantly attenuated cardiac hypertrophy induced by ET-1, PE
and IGF-1 (Fig. 1F). Therefore, these data clearly demonstrate that
 crocetin inhibits cardiac hypertrophy in vitro.

Crocetin attenuates cardiac hypertrophy in vivo

To investigate whether our in vitro findings have any physiological
relevance, we examined the effects of crocetin on cardiac hyper-
trophy induced by chronic pressure overload. To evaluate the
dose–response relationship, we administered three different

doses of crocetin (10, 25 and 50 mg/kg/day) by oral gavage three
times a day for 1 week and then subjected the mice to either
chronic pressure overload generated by AB or to sham surgery as
the control group. Our results demonstrated that the effects of 
50 mg/kg/day of crocetin were much more effective than those of
25 mg/kg/day of crocetin in suppressing cardiac hypertrophy,
suggesting that maximal efficacy had been achieved at 
50 mg/kg/day (Table 1). Moreover, no apparent effect on cell tox-
icity was observed with either dose of crocetin (data not shown),
and 50 mg/kg/day was therefore chosen as the experimental dose.

To further assess the effect of crocetin on cardiac hypertrophy,
the mice were randomly assigned into four groups. Pre-treatment
with vehicle or 50 mg/kg/day of crocetin for 1 week prior to AB
surgery or sham operation allowed for a critical evaluation. As
expected, all vehicle-treated AB mice 8 weeks after surgery
demonstrated the classical increase in heart size and dilatation of
ventricular chambers as compared with the sham control group.
Crocetin treatment of the AB mice, on the other hand, resulted in
marked reduction in hypertrophic growth, as measured by the
ratios of HW/BW and LW/BW, and the cardiomyocyte cross-
 sectional area (Fig. 2A). No significant changes were observed in
the sham-operated mice treated with crocetin or vehicle.
Subsequent assessment of chamber size and wall thickness using
M-mode echocardiography confirmed these findings. Crocetin

Table 1 Echocardiographic data showed the dose-dependent effects of crocetin on cardiac hypertrophy induced by AB model

SBP, systolic blood pressure; HR, heart rate; BW, body weight; HW, heart weight; PWT, posterior wall thickness; LVEDD, left ventricular end-diastolic
diameter; LVESD, left ventricular end-systolic diameter; IVSd, left ventricular septum, diastolic; LVPWd, left ventricular posterior wall, diastolic; 
FS, fractional shortening.
All values are mean 
 S.E.M.
*P � 0.05 versus AB/saline group after AB.

Sham AB 4 weeks

Group (mg) Saline 10 25 50 Saline 10 25 50

Number n � 8 n � 9 n � 9 n � 8 n � 13 n � 10 n � 10 n � 11

BW, g 26.6 
 1.3 26.7 
 1.2 27.3 
 1.4 27.5 
 1.8 26.7 
 1.3 27.1 
 1.2 26.8 
 1.5 27.2 
 1.6

HW/BW (mg/g) 5.25 
 0.04 5.18 
 0.06 5.14 
 0.06 5.14 
 0.07 6.88 
 0.05 6.25 
 0.06 6.11 
 0.05 5.45 
 0.03*

LW/BW (mg/g) 5.11 
 0.03 5.17 
 0.04 5.13 
 0.04 5.21 
 0.05 5.79 
 0.03 5.67 
 0.04 5.56 
 0.03 5.24 
 0.03*

SBP, mmHg 115.2 
 4.4 115.5 
 3.1 113.5 
 2.7 118.5 
 1.3 146.4 
 2.2 145.5 
 4.1 143.5 
 2.7 147.1 
 3.1

HR, beats/min 456 
 21 457 
 22 467 
 20 456 
 24 473 
 31 468 
 17 475 
 19 473 
 32

PWT (mm) 1.25 
 0.03 1.24 
 0.06 1.26 
 0.07 1.22 
 0.04 1.98 
 0.04 1.89 
 0.04 1.72 
 0.03 1.41 
 0.03*

LVEDD (mm) 3.65 
 0.03 3.66 
 0.03 3.59 
 0.03 3.52 
 0.02 4.47 
 0.03 4.26 
 0.03 3.97 
 0.04 3.75 
 0.01*

LVESD (mm) 2.51 
 0.04 2.52 
 0.01 2.54 
 0.03 2.50 
 0.02 3.22 
 0.02 3.13 
 0.02 2.97 
 0.02 2.71 
 0.02*

IVSd (mm) 0.75 
 0.02 0.75 
 0.02 0.73 
 0.01 0.74 
 0.03 1.26 
 0.01 1.19 
 0.02 0.98 
 0.02 0.81 
 0.02*

LVPWd (mm) 0.64 
 0.03 0.64 
 0.02 0.62 
 0.05 0.65 
 0.03 1.16 
 0.03 1.11 
 0.02 0.92 
 0.03 0.73 
 0.01*

FS (%) 54.5 
 3.1 53.74 
 2.1 55.0 
 1.7 54.2 
 1.4 37.4 
 3.4 40.1 
 1.2 44.2 
 1.3* 49.2 
 1.2*
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treatment prevented the development of adverse cardiac remodel-
ling and ventricular dysfunction, as demonstrated by decreased
LVESD, LVEDD and percent fractional shortening (%FS) (Fig. 2B).
Haematoxylin and eosin and WGA staining of histological sections
further confirmed the inhibitory effect of crocetin on cardiac
remodelling in AB hearts (Fig. 2C). To determine whether crocetin
affected the mRNA expression levels of markers of cardiac hyper-
trophy, real-time PCR analysis of ANP, BNP, myosin heavy chain 6
(Myh6) and myosin heavy chain 7 (Myh7) was performed. The
results revealed a significant attenuation of the observed increase
in the expression level from the vehicle-treated AB group when
these animals were treated with crocetin (Fig. 2D). These results
indicate that crocetin inhibits the expression of cardiac hypertro-
phy markers ANP, BNP and Myh7 in the heart and results in an
attenuated cardiac hypertrophic response induced by pressure
overload. Taken together, our findings indicate that crocetin pre-
vents the development of cardiac hypertrophy in vivo.

Crocetin inhibits ROS-dependent MEK-ERK1/2 
signalling in response to hypertrophic stimuli

Cardiac myocytes were pre-treated for 60 min. with different con-
centrations of crocetin and then stimulated with 1 �M Ang II for
120 min. As shown in Fig. 3A, Ang II significantly increased the
levels of ROS, and such increase was markedly attenuated by cro-
cetin. To further validate these in vitro findings, we evaluated the
levels of ROS in the murine heart receiving crocetin treatment.
Myocardial production of ROS was evaluated by ESR spec-
troscopy with hydroxy-TEMPO as a spin probe. The intensity of
ESR signals declined more rapidly in banded mice than in the
sham-operated controls, and a linear relation was observed in the
semi-logarithmic plot of peak signal intensity versus time (data
not shown). The rate of signal decay has been shown to reflect the
concentration of ROS in the reaction mixture. As shown in Fig. 3B,
the rate of signal decay was significantly higher in banded mice
than in the sham-operated animals, which was markedly reduced
by treatment with crocetin. Treatment by crocetin alone had no
significant effects.

To explore the molecular mechanisms through which crocetin
impairs the cardiac hypertrophic response, we further examined
the effects of crocetin on MAPK signalling pathway. We found that
MEK1, ERK1/2, p38 and JNK1/2 were significantly phosphorylated
in AB mice. However, the phosphorylation of MEK1/2 and ERK1/2
was almost completely blocked by crocetin, whereas p38 and
JNK1/2 were not significantly affected (Fig. 3C). Collectively, these

data suggest that crocetin blunts the activation of MEK-ERK1/2
signalling, although it has no effect on p38 or JNK activation in the
hearts subjected to AB. To further test this, we exposed cultured
neonatal rat cardiac myocytes to 1 �M Ang II with or without cro-
cetin. Ang II induced a significant increase in the phosphorylated
levels of MEK1/2 and ERK1/2; however, crocetin treatment
markedly blocked the activation MEK1 and ERK1/2 and sustained
it for all tested points in time (Fig. 3D). More importantly, consti-
tutively active ERK1/2 (Ad-caERK1/2) reversed the inhibitory
effect of crocetin on cardiac hypertrophy (Fig. 3E). In addition, 
N-acetylcysteine (NAC; 10 mM), a typical antioxidant, also
markedly inhibited ANP and BNP protein expression and blocked
MEK1-ERK1/2 signalling induced by Ang II (Fig. 3F). Our findings
suggest that crocetin inhibits ROS-dependent MEK-ERK1/2
 signalling in vitro and in vivo in response to hypertrophic stimuli.
ERK1/2 activation has also been shown to activate hypertrophy-
responsive transcription factors including GATA-4. GATA-4 is
required for the transcriptional activation of cardiac genes whose
expression is up-regulated during cardiac hypertrophy.
Therefore, the effects of crocetin on GATA-4 DNA-binding activ-
ity induced by AB were further examined. The results showed
that crocetin markedly blocked GATA-4 activation (Fig. 3G).
Blocking MEK-ERK1/2 signalling by MEK inhibitor U0126 or Ad-
dnERK1/2 significantly attenuated Ang II-induced GATA-4 activa-
tion, indicating GATA-4 activation is dependent on MEK-ERK1/2
signalling (Fig. 3H).

Crocetin blunts inflammatory response induced
by pressure overload

Increasing number of studies suggest that inflammation plays an
important role in the development of cardiac and vascular diseases
[25, 26]. To determine whether crocetin can suppress the inflam-
matory responses in the heart, we examined the expression of
inflammatory mediators MCP-1, interleukin (IL)-1� and tumour
necrosis factor (TNF)-� in cardiac tissue. Our results showed that
crocetin significantly decreased the levels of monocyte chemoat-
tractant protein 1 (MCP-1), IL-1� and TNF-� mRNA and protein
expression compared with the vehicle-treated AB mice (Fig. 4A and B).
To evaluate the underlying mechanisms accounting for the poten-
tial aetiologies of the inhibitory effects of crocetin on inflammatory
responses, we evaluated NF-�B  signalling in the mice. Treatment
with crocetin abolished the increased activation of NF-�B observed
in the myocardium of the vehicle-treated mice 8 weeks after AB
(Fig. 4C). To further  determine the molecular mechanisms through

Fig. 2 Crocetin blunts cardiac hypertrophy in vivo. (A) Statistical results of HW/BW ratio, LW/BW ratio and myocyte cross-sectional areas (n � 300 cells
per section) at 8 weeks after AB surgery (n � 8). (B) Echocardiography results from four groups of mice at 8 weeks after AB or sham surgery. (C)
Histology: top, representative of haematoxylin and eosin staining; bottom, WGA–FITC staining at 8 weeks after AB surgery. (D) Analysis of hypertrophic
markers (n � 4). Total RNA was isolated from the hearts of mice of the indicated groups, and the expression of transcripts for ANP, BNP and Myh7
induced by AB was determined by RT-PCR analysis. *P � 0.05 for difference from vehicle/sham values in the AB model.
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Fig. 3 Crocetin inhibits MEK-ERK1/2
signalling in vitro and in vivo. (A) The
dose and time courses of crocetin in
the generation of ROS induced by Ang
II. Cardiac myocytes were pre-treated
with different concentrations of cro-
cetin for 30 min. and subsequently
incubated with 1 �M Ang II for 60 min.
Four parallel experiments were indi-
cated. *P � 0.05 versus exposed to
control. (B) Crocetin inhibits pressure
overload-induced increase of signal
decay rate. *P � 0.05 versus sham/
vehicle. (C) Representative blots of
MEK1/2, ERK1/2, p38 and JNK phos-
phorylation and their total protein
expression in the indicated group’s
mice. (D) Representative blots of
MEK1/2 and ERK1/2 phosphorylation
and their total protein expression in
cultured cardiac myocytes. (E) The
effect of ERK1/2 activation on 
[3H]-leucine incorporation and ANP
promoter activity induced by Ang II.
Cardiac myocytes were pre-treated
with crocetin for 60 min. and treated
with Ang II for 48 hrs. The results were
reproducible in three separate experi-
ments as mean 
 S.E.M. *P � 0.01
was obtained for the PBS-treated con-
trol group. (F) The effect of NAC on
MEK1/2 and ERK1/2 activation as well
as on ANP and BNP protein expres-
sions induced by Ang II in cultured
myocytes. Cardiac myocytes were  
pre-treated with 10 mM NAC for 
30 min. and incubated with Ang II for
120 min. (G) Crocetin inhibits pressure
overload-induced GATA-4 DNA-binding
activity. (H) Inhibition of ERK1/2 by
treatment of U0126 (5 �M) or infec-
tion with Ad-dnERK1/2-blocked 
GATA-4 activation induced by Ang II.
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which crocetin blocks NF-�B activation in vivo, we analysed I�B�

phosphorylation and IKK activation processing. Heart lysates from
samples obtained from mice 8 weeks after AB were prepared and
Western blot analysis was performed. The detection of I�B� phos-
phorylation and I�B� degradation in the vehicle-treated AB mice
was significantly impaired after treatment with crocetin (Fig. 4D).
Because the phosphorylation of I�B� is mediated by IKK�, these
findings suggested to us that crocetin might have an inhibitory
role in IKK� activation. Indeed, we observed that the activation,
but not the protein expression level, of IKK� was significantly
attenuated by the administration of crocetin (Fig. 4E). Importantly,
our further study demonstrated that NAC also blocked Ang II-
induced NF-�B activation in cardiac myocytes (Fig. 4F). These
results indicate that crocetin inhibits inflammation by blocking NF-
�B signalling in response to chronic pressure overload.

Crocetin inhibits collagen synthesis induced 
by Ang II in vitro

To further investigate the mechanism by which crocetin inhibits
cardiac hypertrophy, we examined the ability of crocetin to
inhibit collagen synthesis stimulated by Ang II in cardiac
fibroblasts. We initially assessed the toxicity of crocetin on car-
diac fibroblasts using MTT assay. Crocetin was shown to be
non-cytotoxic for cardiac fibroblasts at all tested concentra-
tions and time points (data not shown). The cells were serum-
starved for 24 hrs in 0.5% FCS and then treated with 1 �M Ang II
for the indicated time. Our results revealed that Ang II markedly
stimulated [3H]-proline incorporation, which was effectively
blocked by pre-treatment with crocetin in a dose-dependent
manner (Fig. 5A). To confirm that the observed effects of 

Fig. 4 Crocetin inhibits inflamma-
tion induced by pressure overload.
(A, B) Real-time PCR and Western
blot analysis of TNF-�, IL-1� and
MCP-1 mRNA and protein expres-
sion in the myocardium obtained
from the indicated groups (n � 6).
(C) The DNA-binding activity of 
NF-�B in the left ventricle of the
indicated groups (n � 5). (D)
Western blot analysis of I�B�

degradation and I�B� phosphoryla-
tion of the myocardium was
obtained from the indicated animals
at 8 weeks after AB (n � 4). 
(E) IKK� activity was shown in the 
indicated group (n � 4). Each 
assay was performed in triplicate.
*P � 0.01 for difference from
 vehicle/sham values. (F) 10 mM
NAC treatment blocked Ang II-
induced NF-�B activity. Luciferase
assay were performed as described
in Methods and materials. *P � 0.01
for difference from control group.
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Fig. 5 Crocetin blocks collagen synthesis induced by Ang II in vitro. (A) The
dose and time course of crocetin in Ang II-induced [3H]-proline incorporation.
In these experiments, cells were pre-treated with different doses of crocetin for
60 min. and then incubated with 1 �M Ang II for 48 hrs. [3H]-proline
incorporation was measured as described in Methods and materials. (B, C)
Crocetin was shown to inhibit the promoter activities of COL1A2 and CTGF as
well as protein expression of collagen I and CTGF. Cells were pre-treated with
different doses of crocetin or 10 �M crocetin for 60 min. and then incubated
with 1 �M Ang II for up to 48 hrs. Luciferase assay and Western blot analysis
were performed as described in Methods and materials. Each assay was
 performed in triplicate. *P � 0.05 versus exposed to control. (D)
Representative blots of Smad-2 phosphorylation and Smad-2/3 translocation
induced by Ang II in cardiac fibroblasts after treatment with crocetin. (E) The
effect of ERK1/2 activation on collagen synthesis along with promoter activ-
ity of COL1A2. Cells were infected with or without indicated adenovirus for 
24 hrs and then incubated with 1 �M Ang II for up to 48 hrs. [3H]-proline
incorporation and luciferase assay were performed as described in Methods
and materials. The results were reproducible in three separate experiments.
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crocetin on [3H]-proline incorporation were specific to the syn-
thesis of collagen, immunoblot analyses and luciferase assay
were employed to assess the protein expression levels and
promoter activities of COL1A2 or connective tissue growth fac-
tor (CTGF). As shown in Fig. 5B and C, treatment with 1 �M
Ang II for up to 48 hrs resulted in increased protein expression
and promoter activities of COL1A2 and CTGF, whereas pre-
treatment with crocetin for 60 min. significantly blocked Ang II-
induced protein expression and promoter activities at all tested
time periods.

To examine the molecular mechanisms of crocetin in collagen
synthesis, we initially tested whether Ang II induces the phos-
phorylation and expression of Smad-2 and the expression of
Smad 2/3. To accomplish this, we treated cardiac fibroblasts
with Ang II for specified time periods and performed Western
blot analyses. Our results revealed significant phosphorylation of
Smad 2 and translocation of Smad 2/3 without any significant
alterations in Smad 2 after 30 min. of Ang II treatment (Fig. 5D).
Crocetin almost completely suppressed Smad 2 phosphorylation
as well as Smad 2/3 nuclear translocation but had negligible
effects on Smad 2 protein expression (Fig. 5D). To further exam-
ine the mechanisms involved, we used confluent cardiac fibrob-
lasts infected with Ad-GFP, Ad-caERK1/2 or Ad-dnERK1/2.
Activation of ERK1/2 by infection with Ad-caERK1/2 revealed a
significant increase in collagen synthesis and COL1A2 promoter
activity in response to Ang II, whereas blocking ERK1/2 activity
by  Ad-dnERK1/2 infection almost completely abrogated them 
(Fig. 5E). Interestingly, Ad-caERK1/2 infection obviously
reversed the inhibitory effects of crocetin on collagen synthesis
and COL1A2 promoter activity (Fig. 5E). These findings suggest
that crocetin blocks collagen synthesis by disrupting MEK-ERK1/
2-dependent Smad2/3 signalling.

Crocetin blocks fibrosis induced by pressure 
overload

To further confirm our in vitro findings, we examined the potential
anti-fibrotic effect of crocetin in vivo. To determine the extent of
fibrosis in the heart 8 weeks after AB, paraffin-embedded slides
were stained with PSR and examined under a light microscope. In
contrast to normal hearts with little fibrotic tissue, marked inter-
stitial fibrosis was detected in the vehicle-treated AB mice.
Crocetin treatment, however, significantly reduced the extent of
cardiac fibrosis in vivo (Fig. 6A and B). Subsequent analysis of
mRNA expression levels of known mediators of fibrosis including
TGF-�1, collagen I and CTGF demonstrated a blunted response
following crocetin administration compared with the vehicle-
treated group (Fig. 6B and C). To further elucidate the cellular
mechanisms underlying the anti-fibrotic effects of crocetin, we
assessed its  regulatory role in Smad cascade activation. Upon
analysis of the crocetin-treated group, we observed suppressed
Smad-2 phosphorylation and Smad 2/3 nuclear translocation in
mice (Fig. 6D).

Crocetin ameliorates established cardiac 
hypertrophy in vivo

We next examined a more clinically relevant model by assessing
whether crocetin is able to reverse established cardiac hypertro-
phy. For these studies, we subjected mice to AB surgery and
sham-operated controls. As expected, cardiac hypertrophy was
confirmed, as measured by the increase in HW/BW ratio, by direct
observation of the gross morphology of the heart and from
echocardiographic analyses including increases in LVEDD, LVESD,
and posterior wall thickness (PWT) after a 2-week period.
Continuation of AB for a subsequent 6 weeks resulted in the tran-
sition to heart failure. The cardiac hypertrophy was progressive,
as demonstrated by a further decline in %FS, increase in LVEDD
and LVESD, as well as increase in HW/BW and LW/BW ratios 
(Fig. 7A and B). Interestingly, crocetin treatment starting after the
initial 2 weeks of AB for a period of 6 weeks was able to reverse
the remodelling, contractile dysfunction and cardiac ANP, BNP and
Myh7 mRNA expression levels towards normal control values,
ultimately preventing the transition to heart failure (Fig. 7A–D).

Discussion

The results from our study demonstrate that crocetin protects
against cardiac hypertrophy both in vitro and in vivo. The protec-
tive role of crocetin in cardiac hypertrophy is mediated by direct
interruption of ROS-dependent MEK-ERK1/2 signalling. This
results in the protection of the host from the combined deleterious
effects of cardiac hypertrophy, inflammation and fibrosis (Fig. 8).
The biological effects of crocetin are also robust enough to reverse
established cardiac hypertrophy induced by chronic pressure
overload. To our knowledge, this is the first report of the inhibitory
effects of crocetin on cardiac hypertrophy in vitro and in vivo.
These findings support the concept that crocetin could be an
effective preventive and therapeutical candidate against cardiac
hypertrophy and heart failure.

Crocetin is one of about 600 naturally occurring carotenoids
and exists mainly in the stigma of saffron and the fruit of Cardenia
jasminoides [27]. Recent studies provide additional evidence that
crocetin could also exert protective effects against the cardiovas-
cular system, including blocking excessive proliferation of vascu-
lar smooth cells [28], lowering serum cholesterol levels, increas-
ing high-density lipoprotein and reducing evolving atherosclerosis
[29]. In the current study, we have demonstrated that crocetin not
only attenuated cardiac hypertrophy in vitro and in vivo in
response to hypertrophic stimuli but also improved cardiac per-
formance and reduced chamber dimensions. Moreover, despite
significantly increased blood pressure in our banding model,
 crocetin treatment did not decrease blood pressure. This indicates
that the primary target of crocetin action is heart protection, rather
than lowering of blood pressure. Another key finding of this study
is that crocetin could reverse pre-established cardiac hypertrophy
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and dysfunction induced by chronic pressure overload, which is of
significant clinical relevance.

The mechanism by which crocetin mediates its anti-hyper-
trophic effects remains largely unclear. There is increasing 
evidence for the involvement of ROS generation in pathological
cardiac hypertrophy and heart failure [30, 31]. Nakamura et al.
[32] first reported that Ang II induced ROS generation in cultured
cardiac myocytes, and that pre-treatment with antioxidants led to
the abolishment of Ang II-induced cardiac hypertrophy. Shih et al.
[33] reported that Ang II-induced expression of the hypertrophic
marker �-MHC (myosin heavy chain) was mediated by ROS-

dependent activation of MAPK pathway. Date et al. [34] showed
that treatment with the antioxidant N-2-mercaptopropionylglycine
attenuated myocardial hypertrophy caused by transaortic con-
striction in mice, indicating that ROS play a key role in pressure
overload-induced hypertrophy. In the present report, we investi-
gated whether the anti-hypertrophic effect of crocetin is mediated
by the inhibition of ROS generation. Intriguingly, the results
 indicate that inhibition of ROS in vitro and in vivo was a key mech-
anism for the anti-hypertrophic activity of crocetin. Although ROS
play an important role in the pathogenesis of cardiac hypertrophy,
some studies found that hypertrophied hearts exhibited a reduction

Fig. 6 Crocetin inhibits fibrosis induced by pressure overload. (A) PSR staining on histological sections of the left ventricle was performed on each
group 8 weeks after AB. (B, C) Fibrotic areas from histological sections were quantified using an image-analyzing system (n � 6). RT-PCR and Western
blot analyses of TGF-�1, collagen I and CTGF were performed to determine mRNA and protein. The expression levels in each group 8 weeks after AB
(n � 4). GAPDH was used as the sample loading control. *P � 0.05 was obtained for the vehicle/sham values. (D) Representative blots of Smad-2
phosphorylation and Smad-2/3 translocation from the indicated groups 8 weeks after AB (n � 3).
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in oxidative stress. The differences in antioxidant reserve among
experimental modes may explain the discrepancy regarding the
effect of antioxidants on cardiac hypertrophy. These findings sug-
gest that both ROS-dependent and -independent signalling path-
ways are present in the signal transduction system in cardiac

hypertrophy [11]. Although ROS play a key role in mediating
myocardial hypertrophy, the precise molecular targets by which
ROS regulate growth signalling are not well defined. To explore the
molecular mechanisms through which crocetin impairs the car-
diac hypertrophic response, we examined the effects of crocetin
on MAPK signalling pathway. Our results clearly demonstrated
that crocetin markedly blocked MEK-ERK1/2 signalling pathway in
vivo and in vitro in response to hypertrophic stimulus. In accor-
dance with our finding, two recent reports also found that crocetin
blocks the proliferation of vascular smooth cells by inhibiting
ERK1/2 signalling [28, 35]. Importantly, the classical antioxidant
NAC simulated the effects of crocetin on the activation of MEK-
ERK1/2, suggesting that the inhibitory effect of crocetin on MEK-
ERK1/2 signalling is mainly via inhibition of ROS.

Increasing evidence showed that ERK1/2 activation leads to the
activation of the transcription factor, GATA-4, which resulted in
cardiac hypertrophy [36, 37]. Compelling evidence has also
 accumulated to show that GATA-4 is a zinc finger-containing tran-
scription factor that plays an essential role in promoting cardiac
development and differentiation of the myocardium, as well as in
regulating hypertrophic growth of the heart [38, 39]. GATA-4
 functions as a key transcriptional regulator of numerous cardiac
genes including ANP, BNP and �-MHC [40]. It also mediates
inducible gene expression in response to hypertrophic stimuli,
including pressure overload, isoproterenol, PE and ET-1. Therefore,
the inhibitory mechanisms of crocetin in cardiac hypertrophy were
examined for its effects on the GATA-4 activation. Our data clearly
revealed that crocetin blocked GATA-4 activation induced by pressure
overload, and that such effect is dependent on ERK1/2 signalling.

Mounting evidence has strongly suggested that inflammation
plays a key role in the development of cardiac hypertrophy and
heart failure [41, 42]. In line with the growing evidence, we
observed a marked induction of cytokines TNF-�, IL-6, MCP-1 and
IL-1� in the hypertrophic hearts. When crocetin was adminis-
tered, cytokine production was attenuated, minimizing the
 progression of cardiac hypertrophy and heart failure. It is well
documented that NF-�B signalling molecules critically regulate
inflammation by controlling expression of several families of
cytokine gene [43, 44]. Thus, we investigated the status of NF-�B
signalling to find out the mechanism by which crocetin blocked
inflammation in the heart. Our present data, using both in vivo and
in vitro models, suggest that crocetin abrogates NF-�B activation
by disrupting DNA-binding and transcriptional activity by blocking
the phosphorylation and degradation of I�B as well as IKK�

Fig. 7 Crocetin ameliorates established cardiac hypertrophy. (A) Statistical results of HW/BW ratio, LW/BW ratio and myocyte cross-sectional areas 
(n � 300 cells per section) at 8 weeks after AB surgery (n � 8). Mice began treatment with crocetin at 2 weeks after AB or sham surgery and then were
killed 8 weeks later. The heart and lung tissues were freshly isolated from each group and HW/BW and LW/BW ratios were determined. 
(B) Echocardiography results from mice treated with or without crocetin in response to AB. (C) Histology: top, haematoxylin and eosin staining;
 bottom, WGA-FITC staining at 8 weeks after AB surgery. (D) Analysis of hypertrophic markers (n � 6). Total RNA was isolated from the hearts of mice
of the indicated groups, and the expression of transcripts for ANP, BNP and Myh7 induced by AB was determined by RT-PCR analysis. *P � 0.05 for
difference from vehicle/sham values.

Fig. 8 Proposed model of the effect of crocetin on cardiac hypertrophy,
inflammation and fibrosis. Crocetin blocks the production of ROS
induced by hypertrophic stimulant and leads to the inhibition of cardiac
hypertrophy and heart failure. In this study, we have shown that the
inhibitory effects of crocetin are achieved by blocking ROS-dependent
three proposed signalling pathways. First, increased level of ROS leads to
signalling through the IKK�/p65/NF-�B pathway, promoting cytokine
expression and leading to inflammation. Second, increased ROS level
may also activate MEK-ERK1/2-dependent GATA-4 activation, activate
ANP and BNP expression and subsequently lead to cardiac hypertrophy.
Third, ROS is shown to promote the Smad signalling pathway by activa-
tion of MEK-ERK1/2 signalling. Subsequent expression of fibrosis mark-
ers CTGF, collagen (Col) I and Col II leads to collagen synthesis and
fibrosis. Crocetin blocks all of the proposed ROS-dependent signalling
pathways and then protects against cardiac hypertrophy, inflammation
and fibrosis and the progression of heart failure.
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activation. By blocking NF-�B activation, crocetin may inhibit the
early steps of inflammation and modulate the amplification of mul-
tiple cytokine signalling cascades. Therefore, treatment by specif-
ically targeting NF-�B seems a conceptually superior approach to
blocking each respective cytokine individually.

Fibrosis is another classical feature of pathological hypertro-
phy, which is characterized by the expansion of the extracellular
matrix due to the accumulation of collagen [45, 46]. Thus, it is
important to understand the mechanisms that stimulate collagen
deposition in the heart and define approaches to limit these
processes. In this study, we analysed the anti-fibrotic properties of
crocetin in the heart. This study, for the first time, demonstrates
that crocetin attenuates cardiac fibrosis and inhibits the expres-
sion of several fibrotic mediators induced by pressure overload.
Furthermore, this anti-fibrotic effect was further examined in vitro
by determining its effectiveness on cultured cardiac fibroblasts.
Our findings demonstrate that crocetin blocks Ang II-induced 
collagen synthesis. Our study is the first to report inhibition of 
collagen synthesis in cardiac fibroblasts by crocetin. In an attempt
to elucidate the mechanisms underlying the inhibitory effect of
crocetin on fibrosis, we examined Smad signalling, which plays an
important role in the progression of fibrosis. Phosphorylation of
Smad 2 and its subsequent translocation to the nucleus are criti-
cal steps in the modulation of Smad signalling pathway [47, 48].
Our data suggest, for the first time, that crocetin abrogates Smad
2 phosphorylation and Smad 2/3 translocation in both cardiac
fibroblasts culture and hypertrophied hearts and subsequently
inhibits collagen synthesis and fibrosis. Recent studies indicate
that Smad signalling can be regulated by ERK1/2 signalling [49].
We therefore examined the effects of MEK-ERK1/2 activation on

fibrotic signalling and found that blocking MEK-ERK1/2 activation
led to significant inhibition, whereas activation of MEK-ERK1/2
resulted in up-regulation of collagen synthesis and Smad 2/3
 signalling, indicating that croctin attenuates fibrosis by blocking
MEK-ERK1/2-dependent Smad signalling.

In summary, our present work demonstrates for the first
time that crocetin inhibits cardiac hypertrophy in vitro and in
vivo. We have shown that crocetin can not only prevent the
development of cardiac hypertrophy but also reverse estab-
lished cardiac hypertrophy by blocking ROS-MEK-ERK1/2-
dependent hypertrophy, inflammation and fibrosis. Our data
confirm that MEK-ERK1/2 is a target of crocetin’s inhibitory
actions. This study is highly relevant to the understanding of the
inhibitory effect of crocetin on cardiac hypertrophy and related
molecular mechanisms. It also serves to elucidate the dominant
signalling pathways leading to cardiac hypertrophy, inflamma-
tion and fibrosis in response to hypertrophic stimuli. Future
studies should examine the hypothesis that crocetin may be an
effective approach to treating cardiac hypertrophy and prevent-
ing the transition to heart failure.
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