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Abstract.

A natural p300-specific histone acetyltransferase inhibitor, curcumin, may have a

therapeutic potential for heart failure. However, a study of curcumin to identify an appropriate
dose for heart failure has yet to be performed. Rats were subjected to a left coronary artery
ligation. One week later, rats with a moderate severity of myocardial infarction (MI) were
randomly assigned to 4 groups receiving the following: a solvent as a control, a low dose of
curcumin (0.5 mg-kg "-day '), a medium dose of curcumin (5 mg-kg -day '), or a high dose of
curcumin (50 mgkg '-day ). Daily oral treatment was continued for 6 weeks. After treatment,
left ventricular (LV) fractional shortening was dose-dependently improved in the high-dose
(25.2% £ 1.6%, P <0.001 vs. vehicle) and medium-dose (19.6% =+ 2.4%) groups, but not in the
low-dose group (15.5% = 1.4%) compared with the vehicle group (15.1% = 0.8%). The histo-
logical cardiomyocyte diameter and perivascular fibrosis as well as echocardiographic LV
posterior wall thickness dose-dependently decreased in the groups receiving high and medium
doses. The beneficial effects of oral curcumin on the post-MI LV systolic function are lower at
5 compared to 50 mg-kg -day”' and disappear at 0.5 mg-kg '-day". To clinically apply curcumin
therapy for heart failure patients, a precise, optimal dose-setting study is required.
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Introduction

Heart failure is an enormous medical and societal
burden (1). Patients with heart failure comprise approxi-

*Corresponding author. morimoto@u-shizuoka-ken.ac.jp
Published online in J-STAGE on November 19, 2014
doi: 10.1254/jphs.14151FP

329

mately 1% to 2% of the population in developed coun-
tries (2). A total of 30% to 40% of patients die from
heart failure within 1 year after the diagnosis (3). To
overcome this problem, there has been considerable
progress in the treatment of chronic heart failure with
angiotensin-converting enzyme (ACE) inhibitors (4, 5),
aldosterone antagonists (6), beta-receptor blockers (7, §),
and resynchronization therapy (9, 10). Even with the
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very best of modern therapy, however, heart failure is
still associated with an annual mortality rate of 10% (10).
The search for better treatments is one of the major
challenges in cardiology.

Signals of neurohormonal factors activated by hemo-
dynamic overload, such as pressure or volume overload,
enter cardiomyocytes via their extracellular receptors,
finally reach the nuclei of cardiac myocytes, and change
the patterns of gene expressions associated with cardiac
hypertrophy. These gene regulations are associated with
the activation of hypertrophic-responsive transcriptional
factors such as GATA4 (11, 12), MEF2 (13), and SRF
(14). Activities of these factors are regulated by histone
deacetylases and an intrinsic histone acetyltransferase
(HAT), p300 (15, 16). In response to stimuli for cardio-
myocyte hypertrophy, p300 HAT activity is enhanced
(17, 18). The activation of p300 induces the acetylation
of not only histone but also GATA4, increases its DNA-
binding capacity, and up-regulates the expression of
hypertrophy-promoting genes (19 —21). On the other
hand, in transgenic mice that overexpress intact p300 in
the heart, GATA4 acetylation and left ventricular (LV)
remodeling after myocardial infarction (MI) have been
augmented (19, 22). Such augmentation did not occur in
mice that overexpress mutant p300 lacking HAT activity.
These findings indicated that the p300 HAT activity is a
pharmacological target for heart failure therapy.

The natural compound curcumin, derived from
Curcuma longa, is an inhibitor of p300 HAT activity
(23) and widely employed as a health food. Curcumin
possesses diverse pharmacologic properties, including
anti-inflammatory, anti-oxidant, anti-proliferative, and
anti-angiogenic activities. It has also been reported to
exhibit cardioprotective effects on acute injury models
in rats such as ischemia/reperfusion (24, 25) and
isoproterenol-induced oxidative and ischemic damage
(26). In these models, the cardioprotective effects of
curcumin are dependent on its anti-inflammatory and
anti-oxidative properties. Recently, we reported that
native curcumin, at a dose of 50 mg-kg ', prevents dete-
rioration of the systolic function in rat models of chronic
hypertension- or MI-induced heart failure (27). Others
also reported that curcumin prevents diabetes-induced
cardiac hypertrophy in rats (28). Moreover, we have
demonstrated the beneficial effects of combination
therapy with an ACEI, enalapril, and curcumin on post-
MI systolic dysfunction in rats compared with ACEI or
curcumin monotherapy (29). These observations suggest
that curcumin inhibits maladaptive hypertrophy of
cardiomyocytes and exhibits beneficial effects in animal
models of chronic heart failure (30, 31). Curcumin’s
effects of p300 inhibition as well as of anti-inflammation
and anti-oxidation will be responsible for these beneficial

effects. To clinically apply this therapy for heart failure,
information on the optimal dose of curcumin is needed.

Here, we performed an optimal dose-setting study to
evaluate the effects 0f 0.5, 5, and 50 mg-kg™' of curcumin
on the post-MI LV function in a rat model of heart failure
following MI.

Materials and Methods

Ethical approval

This experiment was performed in accordance with
the Guide for the Care and Use of Laboratory Animals
by the Institute of Laboratory Animals, Graduate School
of Medicine, Kyoto University (registration number
MedKyo 07523).

Mpyocardial infarction model

Male Sprague-Dawley rats weighing 280 —300 g
(SLC Inc., Shizuoka) were tracheally intubated after
being anesthetized with ethyl ether gas. Anesthesia
was maintained during the operation with 1% to 1.5%
isoflurane. MI was created in rats by ligating the
proximal left anterior descending (LAD) coronary artery
through a left thoracotomy, as described previously
(27). The sham procedure was identical except that the
LAD coronary artery was not ligated.

Echocardiography and blood pressures

One week after the operation, blood pressures and the
cardiac function of all rats were measured, as described
previously (29). In brief, blood pressures were measured
by the tail-cuff method (BP-98A; Softron, Tokyo) under
the awake condition and echocardiography was per-
formed while the rats were lightly anesthetized with
ethyl ether gas, and images were recorded using a 10-
to 12-MHz phased-array transducer (model 21380A with
HP SONOS 5500 imaging system; Agilent Technologies,
Santa Clara, CA, USA). All observations were performed
in a blinded fashion according to the guidelines of the
American Society for Echocardiology and averaged over
3 consecutive cardiac cycles.

Treatments

Curcumin powder and gum arabic for oral administra-
tion were purchased from Wako (Osaka). Curcumin was
mixed and dissolved in 1% gum arabic solution. After
the measurements of blood pressures and echocardio-
graphy, 43 rats with moderate MI (left ventricular frac-
tional shortening, LVFS < 40%) were randomly assigned
to 4 groups. Groups I and II comprised sham-operated
rats treated with vehicle (1% gum arabic, n=06) as a
control or curcumin (50 mgkg '-day ', n = 6), respec-
tively. Groups III to VI comprised MI rats treated with
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vehicle (n=11), a low dose of curcumin (0.5 mg-kg "-day ',
n=11), medium dose of curcumin (5 mgkg '-day’,
n=10), or high dose of curcumin (50 mgkg '-day,
n = 11), respectively. Daily oral administrations in each
group started at 1 week after MI or sham operation and
were repeated for 6 weeks.

Histological analysis

The excised hearts were cut into 2 transverse slices,
fixed in 10% formalin, embedded in paraffin, sliced into
4-um-thick sections, and stained with hematoxylin eosin
(H&E) and Masson trichrome. The cross-sectional
myocardial cell diameter and surface area were measured
semiautomatically with the aid of an image analyzer
(Image J v.1.46). Fifty cell sections with a crossing
central nucleus were selected for the analysis. Peri-
vascular and interstitial fibrosis areas were previously
described (29). Quantitative assessments of perivascular
and interstitial fibrosis areas and the infarct area were
previously described (29). The scale of the measured
intramyocardial coronary artery was more than 50 ym in
each rat. The wall thickness in each group was measured
at three points in the non-MI area of the LV and presented
as the average values. The infarct size was calculated
by dividing the infarcted area by the total LV area and
expressed as a percentage (29).

Statistical analyses

The results are presented as the mean = S.E.M. Statis-
tical comparisons were performed using ANOVA with
Fisher’s test. P < (.05 indicated significance.

Results

Blood pressure, body weight, and left ventricular weight

Although the body weight (BW) and heart rate (HR)
were comparable at 1 week after coronary artery ligation
in all 6 groups, systolic and diastolic blood pressures in
the 4 groups with MI were significantly lower than in the
sham control and curcumin groups (Table 1). As shown
in Table 2, there were no significant differences in the
infarct size among the 4 MI groups at 7 weeks after
coronary artery ligation. After treatments, BW was
comparable in all 6 groups. Curcumin treatment dose-
dependently reduced the LV weight to BW ratio
(LV/BW), and a significant reduction was obtained with
the high dose (50 mg-kg"-day™) of curcumin (P < 0.01)
compared with vehicle treatment with MI. Although
there were no differences in hemodynamic and echo-
cardiographic parameters between vehicle and curcumin
treatment in sham-operated rats, the systolic blood
pressure in the high-dose curcumin group was lower than
in the sham vehicle group. However, curcumin treatment
did not affect the diastolic blood pressure (Table 2).

Echocardiographic analysis

There were no differences among the 4 groups with
MI with respect to any of the parameters examined,
including the body weight, blood pressure, LV dimen-
sion, LVPWT, and LVFS, at 1 week after coronary artery
ligation (Table 1). Representative photographs of M-
mode images from vehicle- and 0.5, 5, 50 mg-kg "-day ™'
of curcumin-treated MI rats at 6 weeks after treatments

Table 1. BW and hemodynamic parameters before treatment

n BW (g) SBP (mmHg) DBP (mmHg)  HR (bpm) LVEDD (mm) PWT (mm)  LVFS (%) LVEF (%)
Sham vehicle 6 3416 127+3 97+4 363+8 84+0.3 1.10£0.14 60.6 +£3.7 93.1+1.9
Sham curcumin, 50 mg-kg™' 6 342+7 12242 99+ 6 362+ 13 84+0.4 1.16 £0.10 61.6+3.1 93.8+1.3
MI vehicle 11 321+7 112 +£2% 87 £ 2% 380+9 9.3+0.2% 1.25+£0.12% 28.1+£2.2% 62.1 £3.5%
MI curcumin, 0.5 mg-kg™' 11 332+6 108 + 4% 80 + 2% 388+ 16 9.4+0.3* 1.36 £ 0.08* 259+ 1.4%* 58.8 £2.4%
MI curcumin, 5 mg-kg™! 10 329+7 113+ 3% 88 + 2% 385+ 11 9.5+0.2% 1.27 £0.14* 27.0+1.4* 60.7 +£2.3*
MI curcumin, 50 mg-kg 11 321+6 115+ 5% 83 + 5% 402 £ 12 9.6 +0.2% 1.31 +£0.07* 26.1 £2.1* 58.7 +£2.4%

Values are mean + S.E.M. in each group. BW = Body weight, SBP = systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate,
LVEDD = left ventricular end-diastolic diameter, PWT = posterior wall thickness, LVFS =left ventricular fraction shortening, LVEF = left

ventricular ejection fraction. *P < 0.05 vs. Sham vehicle.

Table 2. BW,LVW, LVW/BW, and hemodynamic parameters after treatment

n BW (g) LVW (mg) LV/BW (mg/g) SBP (mmHg) DBP (mmHg) HR (bpm) Infarct area (%)
Sham vehicle 6 447+ 12 701 £ 24 1.61 +0.04 124 +3 96 + 4 367+16 —
Sham curcumin 50 mg-kg ™' 6 449 £ 17 724+ 12 1.58+0.08 126 +4 96 +3 358 +21 —
MI vehicle 11 446 +£9 814 +25* 1.82 +0.03* 117+4 91+4 370+ 13 8.95+0.91
MI curcumin 0.5 mg-kg ' 11 448 £7 809 +22%* 1.80 + 0.04* 114+3 92+4 369 +23 9.50+1.20
MI curcumin 5 mg-kg ' 10 434+ 10 756 + 13* 1.75+0.03* 120£2 94+3 36810 10.0 + 1.51
MI curcumin 50 mg-kg ' 11 449+ 8 755 + 10 1.68 +0.03" 111 £3* 87+5 386+8 10.2+1.63

Values are mean = S.E.M. in each group. LVW = left ventricle weight. *P < 0.05 vs. Sham vehicle, “P < 0.05 vs. MI vehicle, /P < 0.01 vs. MI

vehicle.
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are shown in Fig. 1A. MI significantly increased left
ventricle end-diastolic diameter (LVEDD) (P <0.05)
and LVPWT (P <0.05) and significantly decreased
LVEFS (P <0.05). LVEDD in each MI group was compa-
rable (Fig. 1B). The LV systolic function, represented
by LVEFS, was dose-dependently improved in the
high-dose (25.2% +1.6%, P <0.001 vs. vehicle) and
medium-dose (19.6% + 2.4%) groups, but not in the
low-dose group (15.5% +1.4%) compared with the
vehicle group (15.5% +0.7%) with MI (Fig. 1C).
LVPWT was dose-dependently decreased in the high-
dose curcumin (1.46 £ 0.11 mm, P < 0.01) and medium-
dose (1.70 = 0.13 mm) groups, but not in the low-dose
group (2.15 £ 0.13 mm) compared with the vehicle group
(2.11 £ 0.02 mm) with MI (Fig. 1D).

Mpyocardial cell analysis

Representative whole images of the transversely sec-
tioned LV in each group are shown in Fig. 2A. The same
configurations of LV tissues as shown in echocardio-
graphy could be confirmed. The measurements of the
infarct size did not differ among each MI group (Table 2).

Curcumin

50 mg-kg!

1 2
Cur — 50 — 0.5 5 50

Sham

P<0.01

(mm) P<0.05
[ —

Fig. 1. Curcumin dose-dependently improved LV
systolic function on MI in rats. A: Representative
photographs of M-mode images from sham- and
MIl-operated rats with treatments of vehicle or
curcumin at a dose of 0.5, 5, or 50 mgkg™.
B, C, D: The results of echocardiographic para-
meters. Each value is the mean + S.E.M. B: LVEDD,
C: LVFS, D: LVPWT.

3 4 5 6

MI

Treatments with high- and medium-dose curcumin
reduced the average wall thickness in the non-MI area
compared with the vehicle (P < 0.05) (Fig. 2B). Images
of myocardial cells in each group are shown in Fig. 3A.
MI increased the cross-sectional myocardial cell diameter
and surface area (P < 0.05) (Fig. 3: B and C, lanes 1 and
3, respectively). These increases were dose-dependently
inhibited by curcumin treatment, and significant inhibi-
tion was observed in the curcumin high-dose treatment
(P <0.05, lanes 3 and 6).

Perivascular fibrosis

Images of perivascular fibrosis in the non-MI area of
each group are shown in Fig. 4A. The results of measured
perivascular fibrosis areas indicated that they notably
expanded after MI (P < 0.05) (Fig. 4B, lanes 1 and 3).
The perivascular fibrosis area became significantly and
dose-dependently smaller in the curcumin groups than
the MI vehicle group (P <0.05) (lanes 3, 4, 5, and 6).
However, the interstitial fibrosis area was comparable
among each MI group (Fig. 4C).
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Fig. 4. Curcumin dose-dependently prevented perivascular fibrosis after MI in rats. A: Representative images of Masson
trichrome—stained sections of LV from rats in each group. Scale bar = 50 um. B: The areas of perivascular fibrosis in LV were
measured for at least 5 intramyocardial coronary arteries with a lumen size of more than 50 gm. Values are the mean = S.E.M.
C: The areas of interstitial fibrosis in LV were measured. Values are the mean + S.E.M.
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Discussion

The purpose of this study was to examine the dose-
dependent effects of curcumin, an active constituent of
turmeric, on the cardiac function in an animal model of
experimentally induced myocardial infarction. Curcumin
suppressed MI-induced fibrosis and cardiomyocyte
hypertrophy and prevented the decrease of contractility
in the non-infarct area. However, curcumin did not
improve wall motion in the infarct area where no cardio-
myocytes existed. As indicated in Table 1 and Fig. 1,
the improvement of the systolic function by curcumin
treatment was modest, compared with the observed
improvement of cardiomyocyte hypertrophy. Insufficient
improvement of the systolic function in MI rat models
is similar between conventional heart failure therapy,
such as ACEI (32) and ARB (33), and 50 mgkg '-day '
of curcumin. In addition, curcumin treatment did not
change LVEDD (Fig. 1B). There is a possibility that
related to the improvement of contractility, LVEDD
might decrease slowly. In order to further clarify the
effects of curcumin on the myocardial infarction model,
it is necessary to observe the rats for a longer term.
Moreover, a limitation of this experiment was that the
heart size was measured by 2D cardiac echography. It is
difficult to morphologically estimate the actual volume
of the LV cavity after MI in rats. This may be another
reason for the modest improvement of the LV systolic
function and no decrease of LVEDD due to curcumin in
this experiment. Further examination, such as a cardio
hemodynamic examination, is needed to clarify this point.
Histopathological examinations were also performed to
corroborate the overall findings. The results of this study
showed that curcumin at high doses (50 mgkg™') but
not at lower doses (0.5, 5 mg-kg™") improved the retarda-
tion of the LV systolic function and cardiac hypertrophy
after myocardial infarction in rats. Several studies
reported oral treatment of 30 to 400 mgkg '-day' of
curcumin administrated to cardiac disease models,
including ischemia reperfusion injury (24, 25), diabetic
cardiomyopathy (28), isoproterenol (ISO)-induced cardio-
myopathy (26), and doxorubicin-induced cardiotoxicity
(34). These doses had some effects on the heart.
However, an optimal curcumin dose for heart disease is
unclear. Our previous study demonstrated that survival
rates in a hypertension-induced heart failure model using
salt-sensitive Dahl rats were not changed with oral
administrations of 50 and 200 mgkg' of curcumin
(Morimoto et al. unpublished data). This indicates that
the effects of curcumin at these 2 doses on heart failure
are similar. So, we consider that the optimal dose of
curcumin for heart failure in rats may be between 5 to
50 mg-kg .

Although our previous studies indicated that 50
mg-kg -day”' of curcumin did not affect the blood
pressure in MI and sham rat models (27, 29, 35), treat-
ment with this dose of curcumin significantly reduced
the systolic blood pressure of MI rats compared to sham
rats in this study. A conclusion regarding the anti-
hypertensive effects of curcumin is not possible, since
there were no differences in systolic blood pressure
between vehicle and curcumin sham groups. Curcumin
was reported to favorably affect all leading components
of metabolic syndrome, including insulin resistance,
obesity, hypertriglyceridemia, decreased HDL-C, and
hypertension, and prevent the deleterious complications
of metabolic syndrome, including diabetes and cardio-
vascular disease (36). A few studies demonstrated that
curcumin could reduce the blood pressure in a human
clinical study and hypertensive rat models (37, 38).
Although these hypotensive effects depend on the patho-
physiology, reduced blood pressure might maintain
cardiac functions during the development of heart failure.
Further examinations are needed to clarify the hypo-
tensive effects of curcumin on patients with each
condition.

Curcumin has several attractive properties and exhibits
diverse pharmacologic effects, including anti-inflamma-
tory, anti-oxidant, anti-proliferative, and anti-angiogenic
activities (30). Curcumin has been reported to show
protective effects against heart diseases by enhancing
anti-oxidant defense against oxidative myocardial injury
and attenuating cardiac fibrosis, inflammation, and
apoptosis and to have anti-hypertrophic effects and
preserve the cardiac function. Some of these depended
on the p300 HAT inhibitory effects of curcumin (27).
p300 plays crucial roles in cardiac hypertrophy and
heart failure in vivo (18, 22). The intracellular protein
level of transcription cofactor p300 is strictly limited
(30). On the one hand cardiomyocytes enlarge when
p300 expression increases (18), but, on the other hand,
cardiomyocytes show apoptosis when the p300 protein
level decreases (39, 40). Namely, p300 is necessary for
both myocardial cell growth and survival. These p300
roles in the heart are mainly dependent on its HAT
activity since p300 plays roles in the transcriptional
regulation of cardiac hypertrophy and apoptosis (41).
Thus, the control of not only protein levels of cardio-
myocyte p300 but also its HAT activity may be important
for maintaining the homeostasis of cardiomyocytes. It
is not favorable for the heart if the inhibitory effects
of curcumin, a p300-specific HAT inhibitor, are too
weak or too strong. Therefore, the optimal dose setting
of curcumin is important for its clinical usage.

Tanwar et al. investigated dose-dependent actions of
curcumin on an ISO-induced myocardial damage rat
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model (42). Although 100 and 200 mgkg '-day™' of
orally administered curcumin protected the myocardium
against I1SO-induced damage, 400 mgkg'-day' of
curcumin was ineffective against damage. This may
indicate that curcumin augments the endogenous anti-
oxidant system at lower doses but mediates ROS
induction at a higher concentration, leading to myo-
cardial damage. Moreover, since this myocardial damage
is an acute model and a high level of curcumin is
needed compared with chronic models, relatively
low-dose curcumin may be sufficient for a chronic heart
failure model, such as MI- or hypertension-induced
heart failure models. In our previous work, the plasma
levels following native curcumin powder administration
at 50 mg-kg™" (10.7 = 1.7 ng'mL™"), which was effective
for heart failure, were higher than those following highly
absorptive curcumin (Theracurmin®) administration at
0.5 mgkg' (5.0 £2.4 ng'mL™") (35, 43). However, the
improvement of the LV systolic function is similar
between native curcumin powder at 50 mgkg ' and
Theracurmin® at 0.5 mg-kg™' (27, 35). These data also
indicate that plasma curcumin levels between 5.0 + 2.4
and 10.7 = 1.7 ng'mL™" show almost the same effects
on the systolic function after MI in rats. So, we consider
that less than 50 mg-kg '-day ' of curcumin is sufficient
to obtain maximum beneficial effects with fewer side
effects. A more precise optimal dose-setting study of
curcumin, to achieve maximum effects with fewer side
effects, is needed to apply this therapy in a clinical
setting (44).

Acknowledgments

We thank Nobuko Okamura, Noboru Chiba, Shuichi Ura, and
Akira Yamada for their technical assistance. This work was supported
by a grant from the Foundation for Promotion of Research on Adult
Vascular Diseases (K. Hasegawa), a research grant on Publicly Es-
sential Drugs and Medical Devices from The Japan Health Sciences
Foundation (K. Hasegawa), a grant from the Japan Science and
Technology Agency (T. Morimoto, Y. Sunagawa, Y. Katanasaka), a
grant from the Takeda Science Foundation (Y. Sunagawa), a grant-in-
aid from The Cardiovascular Research Fund (Y. Sunagawa), and a
grant from the Yamazaki Spice Promotion Foundation (T.
Morimoto).

Conflicts of Interest
There is no conflict of interest in this study.

References

1 Neubauer S. The failing heart--an engine out of fuel. N Engl J
Med. 2007;356:1140-1151.

2 McMurray JJ. Clinical practice. Systolic heart failure. N Engl J
Med. 2010;362:228-238.

3 McMurray JJ, Pfeffer MA. Heart failure. Lancet. 2005;365:

10

12

13

14

15

16

17

19

1877-1889.

Swedberg K, Kjekshus J. Effects of enalapril on mortality in
severe congestive heart failure: results of the Cooperative
North Scandinavian Enalapril Survival Study (CONSENSUS).
Am J Cardiol. 1988;62:60A—-66A.

Pfeffer MA, Braunwald E, Moye LA, Basta L, Brown EJ Jr,
Cuddy TE, et al. Effect of captopril on mortality and morbidity
in patients with left ventricular dysfunction after myocardial
infarction: results of the Survival and Ventricular Enlargement
Trial. N Engl J Med. 1992;327:669-677.

Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A,
et al. The effect of spironolactone on morbidity and mortality in
patients with severe heart failure. N Engl J Med. 1999;341:
709-717.

Lechat P. Beta-blockade treatment in heart failure: the cardiac
insufficiency bisoprolol study (CIBIS) project. CIBIS commit-
tees and investigators. Cardiac insufficiency bisoprolol study.
J Cardiovasc Pharmacol. 1990;16:S158-S163.

Packer M, Bristow MR, Cohn JN, Colucci WS, Fowler MB,
Gilbert EM, et al. The effect of carvedilol on morbidity and
mortality in patients with chronic heart failure. N Engl J Med.
1996;334:1349-1355.

Bristow MR, Saxon LA, Boehmer J, Krueger S, Kass DA,
De Marco T, et al. Cardiac-resynchronization therapy with or
without an implantable defibrillator in advanced chronic heart
failure. N Engl J Med. 2004;350:2140-2150.

Cleland JGF, Daubert J-C, Erdmann E, Freemantle N, Gras D,
Kappenberger L, et al. The effect of cardiac resynchronization
on morbidity and mortality in heart failure. N Engl J Med.
2005;352:1539-1549.

Hasegawa K, Meyers MB, Kitsis RN. Transcriptional coactivator
p300 stimulates cell type-specific gene expression in cardiac
myocytes. ] Bio Chem. 1997;272:20049-20054.

Morimoto T, Hasegawa K, Kaburagi S, Kakita T, Wada H,
Yanazume T, et al. Phosphorylation of GATA-4 is involved
in alpha l-adrenergic agonist-responsive transcription of the
endothelin-1 gene in cardiac myocytes. J Biol Chem. 2000;275:
13721-13726.

Kolodziejezyk SM, Wang L, Balazsi K, DeRepentigny Y,
Kothary R, Megeney LA. MEF2 is upregulated during cardiac
hypertrophy and is required for normal post-natal growth of the
myocardium. Curr Biol. 1999;9:1203-1206.

Paradis P, MacLellan WR, Belaguli NS, Schwartz RJ, Schneider
MD. Serum response factor mediates AP-1-dependent induction
of the skeletal alpha-actin promoter in ventricular myocytes. J
Biol Chem. 1996;271:10827-10833.

McKinsey TA, Olson EN. Cardiac histone acetylation-therapeutic
opportunities abound. Trends Genet. 2004;20:206-213.

Backs J, Olson EN. Control of cardiac growth by histone
acetylation/deacetylation. Circ Res. 2006;98:15-24.

Dai YS, Markham BE. p300 Functions as a coactivator of
transcription factor GATA-4. J Biol Chem. 2001;276:37178-
37185.

Wei JQ, Shehadeh LA, Mitrani JM, Pessanha M, Slepak TI,
Webster KA, et al. Quantitative control of adaptive cardiac
hypertrophy by acetyltransferase p300. Circulation. 2008;118:
934-946.

Yanazume T, Hasegawa K, Morimoto T, Kawamura T, Wada H,
Matsumori A, et al. Cardiac p300 is involved in myocyte growth
with decompensated heart failure. Mol Cell Biol. 2003;23:



336

20

21

22

23

24

25

26

27

28

29

30

Y Sunagawa et al

3593-3606.

Takaya T, Kawamura T, Morimoto T, Ono K, Kita T, Shimatsu
A, et al. Identification of p300-targeted acetylated residues in
GATA4 during hypertrophic responses in cardiac myocytes. J
Biol Chem. 2008;283:9828-9835.

Sunagawa Y, Morimoto T, Takaya T, Kaichi S, Wada H,
Kawamura T, et al. Cyclin-dependent kinase-9 is a component of
the p300/GATA4 complex required for phenylephrine-induced
hypertrophy in cardiomyocytes. J Biol Chem. 2010;285:9556—
9568.

Miyamoto S, Kawamura T, Morimoto T, Ono K, Wada H,
Kawase Y, et al. Histone acetyltransferase activity of p300 is
required for the promotion of left ventricular remodeling after
myocardial infarction in adult mice in vivo. Circulation. 2006;
113:679-690.

Balasubramanyam K, Varier RA, Altaf M, Swaminathan V,
Siddappa NB, Ranga U, et al. Curcumin, a novel p300/CREB-
binding protein-specific inhibitor of acetyltransferase, represses
the acetylation of histone/nonhistone proteins and histone
acetyltransferase-dependent chromatin transcription. J Biol
Chem. 2004;279:51163-51171.

Gonzalez-Salazar A, Molina-Jijon E, Correa F, Zarco-Marquez
G, Calderén-Oliver M, Tapia E, et al. Curcumin protects from
cardiac reperfusion damage by attenuation of oxidant stress and
mitochondrial dysfunction. Cardiovasc Toxicol. 2011;11:357—
364.

Jeong CW, Yoo KY, Lee SH, Jeong HJ, Lee CS, Kim SJ.
Curcumin protects against regional myocardial ischemia/reperfu-
sion injury through activation of RISK/GSK-3/ and inhibition
of p38 MAPK and JNK. Cardiovasc Pharmacol Ther. 2012;17:
387-394.

Tanwar V, Sachdeva J, Golechha M, Kumari S, Arya DS.
Curcumin protects rat myocardium against isoproterenol-induced
ischemic injury: attenuation of ventricular dysfunction through
increased expression of Hsp27 along with strengthening anti-
oxidant defense system. J Cardiovasc Pharmacol. 2010;55:377—
384.

Morimoto T, Sunagawa Y, Kawamura T, Takaya T, Wada H,
Nagasawa A, et al. The dietary compound curcumin inhibits
p300 histone acetyltransferase activity and prevents heart failure
in rats. J Clin Invest. 2008;118:868—-878.

Feng B, Chen S, Chiu J, George B, Chakrabarti S. Regulation of
cardiomyocyte hypertrophy in diabetes at the transcriptional
level. Am J Physiol Endocrinol Metab. 2008;294:1119-1126.
Sunagawa Y, Morimoto T, Wada H, Takaya T, Katanasaka Y,
Kawamura T, et al. A natural p300-specific histone acetyltrans-
ferase inhibitor, curcumin, in addition to angiotensin-converting
enzyme inhibitor, exerts beneficial effects on left ventricular
systolic function after myocardial infarction in rats. Cir J.
2011;75:2151-2159.

Morimoto T, Sunagawa Y, Fujita M, Hasegawa K. Novel heart
failure therapy targeting transcriptional pathway in cardio-
myocytes by a natural compound, curcumin. Circ J. 2010;74:
1059-1066.

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Wongcharoen W, Phrommintikul A. The protective role of
curcumin in cardiovascular diseases. Int J Cardiol. 2009;133:
145-151.

Pfeffer JM, Pfeffer MA, Braunwald E. Influence of chronic
captopril therapy on the infarcted left ventricle of the rat. Circ
Res. 1985;57:84-95.

Yoshiyama M, Takeuchi K, Omura T, Kim S, Yamagishi H,
Toda I, et al. Effects of candesartan and cilazapril on rats with
myocardial infarction assessed by echocardiography. Hyper-
tension. 1999;33:961-968.

Imbaby S, Ewais M, Essawy S, Farag N. Cardioprotective effects
of curcumin and nebivolol against doxorubicin-induced cardiac
toxicity in rats. Hum Exp Toxicol. 2014;33:800—813.

Sunagawa Y, Wada H, Suzuki H, Sasaki H, Imaizumi A, Fukuda
H, et al. A novel drug delivery system of oral curcumin markedly
improves efficacy of treatment for heart failure after myocardial
infarction in rat. Biol Pharm Bull. 2012;35:139-144.

Sahebkar A. Why it is necessary to translate curcumin into
clinical practice for the prevention and treatment of metabolic
syndrome? Biofactors. 2013;39:197-208.

Hlavackova L, Janegova A, Uli¢na O, Janega P, Cerna A, Babal
P. Spice up the hypertension diet - curcumin and piperine prevent
remodeling of aorta in experimental L-NAME induced hyper-
tension. Nutr Metab (Lond). 2011;8:72.

Khajehdehi P, Zanjaninejad B, Aflaki E, Nazarinia M, Azad F,
Malekmakan L, et al. Oral supplementation of turmeric decreases
proteinuria, hematuria, and systolic blood pressure in patients
suffering from relapsing or refractory lupus nephritis: a random-
ized and placebo-controlled study. J Ren Nutr. 2012;22:50-57.
Morimoto T, Fujita M, Kawamura K, Sunagawa Y, Takaya T,
Wada H, et al. Myocardial regulation of p300 and p53 by doxoru-
bicin involves ubiquitin pathways. Circ J. 2008;72:1506—1511.
Kawamura T, Hasegawa K, Morimoto T, Iwai-Kanai E,
Miyamoto S, Kawase Y, et al. Expression of p300 protects
cardiac myocytes from apoptosis in vivo. Biochem Biophys
Res Commun. 2004;315:733-738.

Katanasaka Y, Sunagawa Y, Hasegawa K, Morimoto T. Applica-
tion of curcumin to heart failure therapy by targeting transcrip-
tional pathway in cardiomyocytes. Biol Pharm Bull. 2013;36:
13-17.

Tanwar V, Sachdeva J, Kishore K, Mittal R, Nag TC, Ray R,
et al. Dose-dependent actions of curcumin in experimentally
induced myocardial necrosis: a biochemical, histopathological,
and electron microscopic evidence. Cell Biochem Funct. 2010;
28:74-82.

Sasaki H, Sunagawa Y, Takahashi K, Imaizumi A, Fukuda H,
Hashimoto T, et al. Innovative preparation of curcumin for
improved oral bioavailability. Biol Pharm Bull. 2011;34:660—
665.

Morimoto T, Sunagawa Y, Katanasaka Y, Hirano S, Namiki M,
Watanabe Y, et al. Drinkable preparation of theracurmin exhibits
high absorption efficiency -A single-dose, double-blind, 4-way
crossover study-. Biol Pharm Bull. 2013;36:1708-1714.



