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Objective: To clarify the underlying mechanism of turmeric, which is traditionally used as a medicinal
plant for the treatment of cardiovascular disorders, such as hypertension, and palpitations.
Methods: Methanol extracts of different turmeric were used. A tissue-organ-bath system was used to
investigate the vasoactive effects of methanol extracts from 5 kinds of turmeric on isolated porcine
basilar arteries. The arterial rings were suspended in physiological solution that was maintained at 37 �C
temperature with a continuous supply of 95% O2 and 5% CO2.
Results: All turmeric extracts (20e800 mg/mL) induced concentration-dependent relaxation of the iso-
lated porcine basilar artery pre-contracted with U46619 (1-5� 10�9M) in arterial rings with or without
endothelium. There were no significant differences in the relaxation induced by different turmeric or
between the endothelium-intact and denuded arteries. In depolarized, Ca2þ-free medium, the turmeric
extracts inhibited CaCl2-induced contractions and caused a concentration-dependent rightward shift of
the response curves. In addition, propranolol (a non-specific b-adrenoceptor antagonist) slightly
inhibited the relaxation induced by turmeric. In contrast, Nu-nitro-L-arginine, indomethacin, tetrae-
thylammonium, glibenclamide and 4-aminopyridine did not affect turmeric-induced relaxation.
Conclusion: These results demonstrated that turmeric induced endothelium-independent relaxation of
the porcine basilar artery, which may be due to the inhibition of extracellular and intracellular Ca2þ

receptors and the partial inhibition of b-adrenergic receptors in vascular smooth muscle cells.
© 2018 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Currently, vascular diseases, such as hypertension, atheroscle-
rosis, subarachnoid hemorrhage, stroke, and Alzheimer's disease,
have become public health challenges; therefore, it is necessary to
enter, Faculty of Agriculture,
0213, Japan.
ossain).
for Food and Biomolecules,

National Taiwan University. Produc
es/by-nc-nd/4.0/).
develop modulators that control vascular tone to treat these dis-
eases.1,2 Vascular reactivity is an important factor for the treatment
of cardiovascular diseases because it affects blood flow and pres-
sure. The efficacy of synthetic antihypertensive drugs increases in a
dose-dependent manner, which leads to various adverse effects.3 In
addition to synthetic drugs, the use of herbs or herbal extracts is
increasing in China, Japan, and Korea.4 Many plants used in tradi-
tional medicine have been investigated for treating cardiovascular
disease.5 The effect of curcumin and its parent plant Curcuma spp.
(Family: Zingiberaceae) on cardiovascular systems has recently
received much attention.

Turmeric, especially, Curcuma longa, has been extensively
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studied for its various biological activities both in vivo and in vitro,
including anti-inflammatory,6e8 anti-diabetic,9 wound healing,10

anti-hemolytic,11 antioxidant,8,19 and anti-carcinogenic12 effects,
as well as protection against gastrointestinal and respiratory dis-
orders.13 Curcuma drugs have been traditionally used for “Oketsu”
(syndromes caused by the obstruction of blood circulation such as
psychataxia, arthralgia and dysmenorrhea) in the Chinesemedicine
system.14 It has been reported that C. longa lowers arterial blood
pressure and heart rate in rats15,16 and induces endothelium-
independent vasorelaxation in isolated rat aorta14 and superior
mesenteric arteries.15,16 The genus Curcuma comprises approxi-
mately 80 species,17 and some species have multiple cultivars/va-
rieties, for example, C. longa comprises approximately 70 varieties
in India.18 The most important component of turmeric responsible
for its biological activities is curcumin, which has been reported to
have anti-hypertensive19 neuroprotective and anti-ischemic,6 anti-
angiogenic,20 hepatoprotective8 and vasorelaxation effects in iso-
lated rabbit basilar21 and porcine coronary arteries.22 Curcumin
also reverses the pathogenesis of cerebral ischemia and stroke.6

Tetrahydrocurcumin and hexahydrocurcumin, biotransformed
products of curcumin, have hypotensive effects and induce vaso-
relaxation of isolated rat thoracic aorta, respectively.19,23 We found
that there are significant differences in the curcumin, demethox-
ycurcumin and bisdemethoxycurcumin content of different species
and strains of turmeric.24 Therefore, we hypothesized that different
species and strains of turmeric might vary in their vasomotional
effects in porcine basilar arteries. This study was designed to
compare the vascular reactivity and underlying mechanisms of
different species and strains of turmeric in isolated porcine basilar
arteries.

2. Materials and methods

2.1. Reagents

Bradykinin (BK) acetate salt, N0-tetraacetic acid (EGTA), nifedi-
pine, Nu-nitro-L-arginine (L-NA), sodium nitroprusside (SNP), tet-
raethylammonium (TEA; Sigma-Aldrich, St, Louis, MO, USA) and
U46619 (Cayman Chemical Co., Ann Arbor, MI, USA) were used. All
Krebs salts and other chemicals were general-purpose or analytical
grade and purchased from Nakalai Tesque (Kyoto, Japan) or Wako
(Osaka, Japan). Stock solutions were dissolved in distilled water,
except nifedipine, which was dissolved in ethanol. The solutions
were prepared fresh on the day of the experiment.

2.2. Plant material and extraction

Seven different species and strains of turmeric, including
C. longa (strain: Ryudai gold, Okinawa ukon and BK2),
C. xanthorrhiza, C. aromatica, C. amada and C. zedoaria, were studied
in this experiment. Fresh, healthy rhizomes were harvested from
the field of the University of the Ryukyus. Botanical identification
and authentication of the turmeric samples were confirmed by
qualified taxonomists of the Subtropical Field Science Center, Fac-
ulty of Agriculture, University of the Ryukyus, Japan. The rhizomes
were washed, sliced and oven-dried at 60 �C for 72 h. Then,
turmeric powder was prepared and passed through a sieve with a
nominal mesh size of 2mm. The extractions were carried out by
dissolving the different turmeric powders in methanol at room
temperature (27 �C) and atmospheric pressure for 2 days with
shaking. The solvent-soluble compounds were filtered using dou-
ble filter paper (Whatman™). Fresh solvent was added into the
used plant material, and the process was repeated three times. The
filtered solutions containing plant compounds were dried by rotary
evaporator. All extracts were kept in a refrigerator at 4 �C for
experimental analyses. Prior to the experiments, the methanol
extracts were dissolved in DMSO (1%) and further diluted in
distilled water to give the desired concentration. The final con-
centration of DMSO in the organ-bath was less than 0.1%.
2.3. Tissue preparation

Basilar arteries were obtained from freshly slaughtered pigs
(both sexes, approximately 6e7 months old, LWD cross-breed) at a
local slaughter house and transferred to our laboratory in ice-cold
physiological saline solution (119mM NaCl, 4.7mM KCl, 1.6mM
CaCl2, 1.2mM MgCl2, 25mM NaHCO3, 1.2mM KH2PO4 and 10mM
glucose, pH 7.4) aerated with carbogen (95% (v/v) O2, 5% (v/v) CO2).
After the adherent tissues had been carefully removed, several
rings approximately 4mm long were cut from each artery. When
required, the endothelium was removed by gently rubbing the
intimal space with a stainless-steel rod with a diameter equivalent
to the lumen of the artery. Arterial rings were mounted vertically
between two L-shaped stainless steel holders, with the upper part
fixed to an isometric force transducer (TB-611 T, Nihon Kohden
Kogyo, Tokyo, Japan), and immersed in a 5-ml water-jacketed organ
bath containing oxygenated salt solution at 37 �C (pH 7.4). Each
suspended ring was left to equilibrate under a resting tension of
0.75 g, which allowed us to induce maximum contractions in the
artery. KCl (60mM) was applied to stimulate the artery. After the
contraction reached the maximum, the artery was washed, re-
equilibrated and again stimulated with 60mM KCl. This process
was continued until the contraction amplitude reached a constant
value. The isometric tension was recorded with an amplifier (AP-
621 g, Nihon Kohden Kogyo, Tokyo, Japan), digitized with an
analog-digital converter (PowerLab/8SP, ADInstruments Co., Castle
Hill, NSW, Australia) and stored on the hard disc of a personal
computer. The presence of endothelial cells was confirmed phar-
macologically by testing the relaxant response to BK under pre-
contracted conditions with U46619 (this response was abolished
by endothelial denudation).25
2.4. Turmeric-induced relaxation of basilar arteries pre-contracted
with U46619

A thromboxane analog (U46619; 1-5� 10�9M) was used to
induce stable pre-contraction of arterial rings with the endothe-
lium intact or denuded, and turmeric extract was added cumula-
tively (20e800 mg/mL) to obtain the concentration response curve
(CRC). At the end of the experiments, 10�4M SNP (sodium nitro-
prusside) was added, and the resulting relaxation was taken as
100%. Turmeric-induced relaxation was calculated as a percentage
relative to the response elicited by 10�4M SNP. The test for the Ca2þ

influx-inhibitive effect of turmeric was modified from Khan and
Gilani (2009).26 Endothelium-denuded arterial segments were
allowed to stabilize in normal physiological saline (PSS), which was
then replaced with Ca2þ-free PSS containing EGTA (2mM) for
30min to remove extracellular Ca2þ from the tissues. This solution
was finally replaced with Ca2þ-free and Kþ-rich (60mM) PSS. After
an incubation period of 30min, the CRCwas obtained by addition of
extracellular CaCl2 (extracellular Ca2þ CRC) to the bath fluid. After
the extracellular Ca2þ CRCs were found to be superimposable (after
2 cycles), the arterial segment was pre-treated with different con-
centrations of turmeric or nifedipine for 30min, and the next
extracellular Ca2þ CRC was constructed in the presence of these
agents. The concentration-dependent inhibitory effect of turmeric
was tested. The change in extracellular Ca2þ CRC induced by
turmeric or nifedipine was used to estimate the Ca2þ influx-
inhibitory effect.
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2.5. Statistical analysis

The contraction response was expressed as a percentage of the
response obtained with SNP (10�4M). The relaxation response was
expressed as a percentage of the response obtained with 10�4M
SNP. The results are expressed as the means± standard error mean
(SEM). Statistical analyses were performed by paired t-test or the
Bonferroni test after one-way analysis of variance (one-way
ANOVA). Significance was established when the probability level
was equal to or less than 5%.
3. Results

3.1. Effect of different species and strains of turmeric on isolated
porcine basilar arteries pre-contracted with U46619

Methanol extracts of different species and strains of turmeric
(20e800 mg/mL) induced relaxation of the porcine basilar artery
rings pre-contracted with U46619 in a concentration-dependent
manner. There were no significant differences observed among
the different species and strains of turmeric-induced relaxation of
the isolated porcine basilar artery (Fig. 1).
3.2. Effect of endothelium denudation, L-NA and indomethacin on
turmeric-induced relaxation in porcine basilar arteries pre-
contracted with U46619

Because a similar pattern of vascular reactivity for the different
species and strains of turmeric was observed, we took Ryudai gold
(containing curcumin, demethoxycurcumin and bisdemethox-
ycurcumin) and C. amada (does not contain curcumin, demethox-
ycurcumin or bisdemethoxycurcumin) for the graphical
presentation of the subsequent experiments. Endothelium denu-
dation, pretreatment of endothelium-intact arteries with L-NA (a
nitric oxide synthase inhibitor) and indomethacin (a non-selective
cyclooxygenase inhibitor) for 30min had no significant effect on
the turmeric-induced relaxation of the pre-contracted porcine
basilar artery (Fig. 2).
Fig. 1. Effect of methanol extracts from different species and strains of turmeric on
isolated porcine basilar arteries. The results are expressed as the mean ± SEM (n¼ 7e9
pigs).
3.3. Role of Kþ-channel on turmeric-induced relaxation of the pre-
contracted arterial rings

To test the involvement of Kþ-channels in turmeric-induced
relaxation of endothelium-denuded arterial rings, the arteries
were pre-treated with Kþ-channel antagonists, such as tetraethy-
lammonium (TEA; a non-selective Kþ-channel inhibitor, 10mmol/
L),26 glibenclamide (a non-specific ATP-sensitive Kþ-channel
antagonist, 10 mmol/L)27 and 4-aminopyridine (4-AP; a voltage-
dependent Kþ-channel antagonist, 1mmol/L)28 for 30min before
pre-contraction with U46619 (1-5� 10�9M). As shown in Fig. 3,
pretreatment with Kþ-channel antagonists had no significant effect
on turmeric-induced relaxation.

3.4. Effect of propranolol (a non-selective b-adrenergic receptor
antagonist) on turmeric-induced relaxation in pre-contracted rings

To test the involvement of the b-adrenergic receptor in
turmeric-induced relaxation in endothelium-denuded porcine
basilar arteries, we pre-treated arterial rings with propranolol
(1 mM), a non-selective b-adrenergic receptor antagonist, for
30min. Propranolol significantly decreased the maximal relaxation
from 93.1± 2.7% and 91.0± 3.4 to 81.3± 3.9 and 80.3± 3.6 for
Ryudai gold and C. amada, respectively. Propranolol significantly
inhibited the relaxation when the turmeric concentration was
600 mg/mL and 800 mg/mL (Fig. 4).

3.5. Effect of turmeric extracts on CaCl2-induced contraction in
isolated porcine basilar arteries

Pre-treatment with turmeric extract at 100, 200 and 400 mg/mL
and nifedipine (10�4M) for 30min significantly attenuated the
CaCl2-induced contraction of the endothelium-denuded arterial
rings exposed to Ca2þ-free medium containing high Kþ in a
concentration-dependent manner (Fig. 5). Pre-treatment with
turmeric extracts and nifedipine shifted the concentration response
curve for CaCl2 to the right.

3.6. Effect of the main active compounds of turmeric (curcumin,
demethoxycurcumin and bisdemethoxycurcumin) on isolated
porcine basilar arteries pre-contracted with U46619

We studied the effect of curcumin, demethoxycurcumin and
bisdemethoxycurcumin on isolated porcine basilar arteries pre-
contracted with U46619. All three compounds induced relaxation
of the isolated porcine basilar artery. There were no significant
differences at lower concentrations (10�9�10�6M) of curcumi-
noids. However, at higher concentrations (10�5 and 10�4M),
demthoxycurcumin induced significantly higher relaxation, fol-
lowed by curcumin and bisdemethoxycurcumin (Fig. 6).

4. Discussion

Our results showed that, despite the variation in curcuminoid
content, all turmeric induced strong relaxation of isolated porcine
basilar arteries. There were no significant differences in relaxation
effects among the different species and strains of turmeric. It is well
known that, in addition to nitric oxide, the relaxation of vascular
smooth muscles is induced by prostaglandin I2, Ca2þ antagonists,
and b-adrenoceptor agonists. Therefore, these pathways were
evaluated to reveal the mechanism of vasorelaxation induced by
turmeric. In this study, pretreatment of endothelium-intact arterial
rings with L-NA (a nitric oxide synthase inhibitor) did not affect
turmeric-induced relaxation. Mechanical removal of the endothe-
lium also had no significant effect on turmeric-induced relaxation.



Fig. 2. Effects of endothelial denudation and pretreatment of endothelium-intact arterial rings for 30min with L-NA (a nitric oxide synthase inhibitor) and indomethacin (a non-
specific cyclooxygenase inhibitor) on vascular relaxation induced by Ryudai gold [a] and C. amada [b] in isolated porcine basilar arteries. The results are expressed as the
mean± SEM (n¼ 5e7 pigs).

Fig. 3. Effect of Kþ-channel antagonists on vascular relaxation induced by Ryudai gold [a] and C. amada [b] in endothelium-denuded porcine basilar arterial rings pre-contracted
with U46619. The arterial rings were pre-incubated with tetraethylammonium (TEA; 10mM), glibenclamide (10 mM) and 4-aminopyridine (4-AP; 1mM) for 30min. The results are
expressed as the mean± SEM (n¼ 6e8 pigs).
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These results suggested that turmeric induces NO and
endothelium-independent relaxation and directly acts through
smooth muscle cells of the porcine basilar artery. These results are
in accordance with the findings of Sasaki,14 who reported the
effectiveness of curcuma drugs as vasorelaxant agents in the
vascular smooth muscle of rat aortas. It has also been reported that
methanol extracts of C. longa induce endothelium-independent
relaxation in isolated rat aorta14 and superior mesenteric ar-
teries.15,16 Similarly, the major active compounds of turmeric such
as curcumin, demethoxycurcmin and bisdemethoxycurmin induce
endothelium-independent relaxation of isolated rat pulmonary
artereis.29 However, one study reported that curcumin induces
partial endothelium and NO-dependent relaxation of porcine cor-
onary arteries.22 This difference might be due to the difference in
the vascular bed studied. Indomethacin (a non-selective cyclo-
oxygenase inhibitor) did not affect turmeric-induced relaxation in
endothelium-intact porcine basilar arteries, which indicates that
the release of vasodilator prostanoids is not involved in turmeric-
induced relaxation of the porcine basilar artery. Similarly,
vasodilator prostanoids are not involved in the curcumin-induced
relaxation of porcine coronary arteries.22

It is well known that Kþ-channels play a substantial role in the
regulation of vascular contractility and tone.30 Direct activation of
Kþ-channels in arterial smooth muscle cells leads to membrane
hyperpolarization, inhibits Ca2þ influx through voltage operated
Ca2þ-channel and suppresses smooth muscle contraction and
subsequent vasodilation.30 Therefore, we evaluated the influence of
Kþ-channel inhibitors on the vasorelaxant response induced by
turmeric. However, TEA (a Ca2þ-activated Kþ-channel antagonist),
glibenclamide (a non-specific ATP-sensitive Kþ-channel antagonist)
and 4-AP (a voltage-dependent Kþ-channel antagonist) had no
significant effect on turmeric-induced relaxation. These results
suggested that opening of the Kþ-channels was not involved in the
mechanism of the vasomotional action of turmeric. Similar results
were observed in C. longa-induced vasorelaxation in rat thoracic
aorta.16

KCl induces smooth muscle contraction via the activation of
voltage-dependent Ca2þ-channels and subsequent release of Ca2þ



Fig. 4. Effect of propranolol (a nonselective b-adrenergic receptor antagonist, 1 mM) on vasorelaxation induced by Ryudai gold [a] and C. amada [b] in endothelium-denuded porcine
basilar artery rings. The arteries were pre-contracted with U46619 (10�9M). The results are expressed as the mean± SEM (n¼ 6 pigs). *P< 0.05 vs. control.

Fig. 5. Effect of Ryudai gold [a], C. amada [b] extracts and nifedipine on CaCl2-induced contraction of endothelium-denuded porcine basilar arteries. Concentrationeresponse curves
were determined in Ca2þ-free solution after the depletion of extracellular Ca2þ, where the CaCl2-contractile effect was dependent on Ca2þ-influx through voltage-operated Ca2þ-
channels activated by KCl (60mM). The curves were constructed in the absence of added substance (control) or after 30min incubation in the presence of Ryudai gold, C. amada
(100, 200 and 400 mg/mL) and nifedipine (10�4M) or turmeric extract prior to the cumulative addition of CaCl2. The results are expressed as the mean± SEM (n¼ 7e9 pigs).
*P< 0.05 vs. control.
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from the sarcoplasmic reticulum, causing a significant increase in
the intracellular Ca2þ concentration.31 Turmeric antagonism of the
Ca2þ-channel was confirmed by our experiment in which extra-
cellular Ca2þ removal (using 2mM EGTA) suppressed KCl-induced
contraction, and pretreatment with turmeric significantly inhibi-
ted Ca2þ-induced contraction of 60mM KCl-depolarized arteries. In
addition, the magnitude of the inhibitory effect of turmeric and
nifedipine (an L-type Ca2þ-channel antagonist) was similar, which
suggested the involvement of the L-type voltage-operated Ca2þ-
channel. This observation is consistent with a study by Gilani
et al.,13 who concluded that Ca2þ-channel antagonism is the main
mechanism of vasorelaxation elicited by curcuma drugs and forms
the basis of traditional uses in hyperactive states of the gut, airway
inflammation disorders, palpitation and hypertension. Similarly,
curcumin analogs and synthesized curcumin mimics dilate rabbit
basilar arteries via antagonism of the L-type Ca2þ-channel.29,32

Stimulation of vascular smooth muscle by b-adrenoreceptors
results in vasorelaxation of the porcine basilar artery.33 Our results
showed that propranolol (a non-selective b-adrenergic receptor
antagonist) inhibited the turmeric-induced relaxation when the
concentrations were 600 mg/mL and 800 mg/mL, indicating that the
high degree of turmeric-induced relaxation might be attributed to
b-adrenoceptor activation. Our results consistent with the results of
Xu22 and Moohammadaree,23 who demonstrated the involvement
of b-adrenoceptors in curcumin and hexahydrocurcuminin-
induced relaxation of porcine coronary arteries and rat thoracic
aorta, respectively. It has been reported that noradrenaline-
induced relaxation of the porcine basilar artery occurs via the
stimulation of b-adrenoceptors on vascular smooth muscle cells,
which is inhibited by propranolol.33 We performed HPLC to detect
the presence of noradrenaline in the turmeric extracts. However,
noradrenaline was not detected in any of the tested samples (data
not shown).

Like the effect of the turmeric extract, pure curcuminoids (cur-
cumin, demethoxycurcumin and bisdemethoxycurcumin) induced
relaxation of the isolated porcine basilar artery. A previous study



Fig. 6. Effect of curcumin, demethoxycurcumin and bisdemethoxycurcumin on
porcine basilar artery rings. The arteries were pre-contracted with U46619 (10�9M).
The results are expressed as the mean± SEM (n¼ 6 pigs). *P< 0.05 vs.
demethoxycurcumin.
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also reported that these three curcuminods induce endothelial-
independent and Ca2þ-channel-dependent relaxation of rat pul-
monary arteries.29 Demethoxycurcumin induced significantly more
relaxation, followed by curcumin and bisdemethoxycurcumin at
higher concentrations. However, the relaxation induced by the
turmeric extract showed no significant differences. This might be
due to the difference in the concentration and ratio of the active
compounds present in the turmeric extract. Moreover, we reported
previously that among the different species and strains of turmeric,
C. amada and C. zedoaria do not contain curcumin, demethox-
ycurcumin and bisdemethoxycurcumin24 but still induce relaxa-
tion. Therefore, vascular relaxation induced by C. amada and
C. zedoaria indicated that there are other vasoactive compounds
besides curcuminoids present in turmeric, which is consistent with
the results of Sasaki,14 who isolated curcumin and eight sesqui-
terpenes that induced NO-independent relaxation with almost the
same intensities.

In conclusion, our results suggested that different species and
strains of turmeric induce nitric oxide- and endothelium-
independent relaxation of the porcine basilar artery. Possible
mechanisms of vasorelaxation include partial activation of b-
adrenoceptors and inhibition of Ca2þ from both extracellular and
intracellular sources. Turmeric, its active compounds and/or syn-
thetic curcuminoids may be used as novel vasodilation agents for
the treatment of cardiovascular diseases such as atherosclerosis,
essential hypertension, pulmonary artery hypertension, coronary
artery disease, stroke, and diabetic complications of vasculature.
However, additional work is required to investigate the vasoactive
compounds and molecular mechanisms of the vasorelaxation
induced by turmeric.
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