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This studywas designed to examine the vasorelaxant effects of hexahydrocurcumin (HHC), one of themajor natural
metabolites of curcumin fromCurcuma longa, on rat isolated aortic rings, and the underlyingmechanisms. Isometric
tension of the aortic rings was recorded using organ bath system. HHC (1nM to 1mM) relaxed the endothelium-
intact aortic rings pre-contracted with PE and KCl in a concentration-dependent manner. Removal of the
endothelium did not alter the effect of HHC-induced relaxation. In Ca2+-free Krebs solution, HHC significantly
inhibited the CaCl2-induced contraction in high K+ depolarized rings and suppressed the transient contraction
induced by PE and caffeine in a concentration-dependent manner. HHC was also observed to relax phobal-
12-myristate-13-acetate (PMA), an activator of protein kinase C (PKC), precontracted aortic rings in a
concentration-dependent manner with EC50 values equivalent to 93.36± 1.03μM. In addition, pre-incubation with
propranolol (a β-adrenergic receptor blocker) significantly attenuated the HHC-induced vasorelaxation. These
results suggest that the vasorelaxant effect of HHC is mediated by the endothelium-independent pathway, probably
because of the inhibition of extracellular Ca2+ influx through voltage-operated Ca2+ channels and receptor-operated
Ca2+ channels, the inhibition of Ca2+mobilization from intracellular stores, as well as inhibition of PKC-mediated
Ca2+-independent contraction. Moreover, HHC produces vasorelaxant effects probably by stimulating the
β-adrenergic receptor. Copyright © 2015 John Wiley & Sons, Ltd.
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Abbreviations:AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; HHC, hexahydrocurcumin; IP3R,
IP3 receptor; L-NAME, Nω-nitro-L-arginine methyl ester; MLCK, myosin light chain kinase; MLCP, myosin light chain phosphatase;
ROCC, receptor-operated Ca2+channels; RyR, ryanodine receptors; SMC, smooth muscle cell; SR, sarcoplasmic reticulum; VOCC,
voltage-operated Ca2+ channels
INTRODUCTION

Curcumin (diferuloylmethane, Fig. 1A) is the major
active constituent of the rhizome from Curcuma longa
L. (Zingiberaceae), commonly known as ‘turmeric’. It
is found throughout South and Southeast Asia, and
has been used for a long time as a spice in cooking and
as a traditional medicine. Extensive researches have
been done on curcumin in both in vitro and in vivo
studies for a wide variety of medicinal uses such as for
its antiinflammatory (Morsy and El-Moselhy, 2013),
anti-viral (Zhang et al., 2011), anti-fungal (Martins
et al., 2009), antioxidant (Bhullar et al., 2013), anticancer
(Lim et al., 2014), and neuroprotective properties
(Belviranli et al., 2013). Aside from that, curcumin has
been shown to possess potent vasodilation abilities on
rat mesenteric and porcine coronary arteries by
inhibiting the extracellular Ca2+ influx, and increasing
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the production of nitric oxide and cyclic guanosine
monophosphate, respectively (Xu et al., 2007; Adaramoye
et al., 2009). Moreover, curcumin is also observed to have
a hypotensive effect on L-NAME induced hypertensive
rats (Hlavackova et al., 2011). Curcumin has poor aque-
ous solubility and is poorly absorbed in the gastrointesti-
nal tract; also, it is chemically unstable and metabolizes
rapidly in human blood (Anand et al., 2007; Dulbecco
and Savarino, 2013; Metzler et al., 2013). These pro-
perties make it problematic as regards pharmaceutical
development. The reduced analogues of the curcumin,
tetrahydrocurcumin and hexahydrocurcumin (HHC,
Fig. 1B), have also been found as minor constituents in
some plant species (Matsuda et al., 2004). HHC has been
found as curcumin metabolite in mice and human
(Holder et al., 1978; Pan et al., 1999; Ireson et al., 2001;
Ireson et al., 2002).

In this study, we are interested in HHC, which could be
obtained in large quantity by catalytic hydrogenation re-
action of curcumin. Previous studies have revealed that
HHC shows stronger antioxidant activity, even greater
than that of parent curcumin (Somparn et al., 2007;Deters
et al., 2008). Furthermore, HHC exhibits much higher
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Figure 1. The chemical structures of curcumin (A),
hexahydrocurcumin (HHC, B), tetrahydrocurcumin (THC, C), and
octahydrocurcumin (OHC, D).
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chemical stability as well as higher biodisponibility than
parent curcumin (Dempe et al., 2013). HHC also exhibits
anti-carcinogenesis by down regulating the expression of
cyclooxygenase-2 (COX-2), an important enzyme in car-
cinogenesis (Srimuangwong et al., 2012a). The synergistic
effect of using 5-fluorouracil, a conventional chemother-
apy drug, in combination with curcumin to reduce aber-
rant crypt foci (ACF) numbers has already been
demonstrated (Srimuangwong et al., 2012b). However,
the medicinal properties of HHC against cardiovascular
diseases, especially hypertension, have not yet been re-
ported and require further study. Therefore, the present
study was undertaken to assess the vasorelaxant effect
of HHC in isolated rat aortic rings and to gain an insight
into the mechanisms involved in these actions.
MATERIALS AND METHODS

Chemicals anddrugs.Acetylcholine (ACh), 4-aminopyridine
(4-AP), barium chloride (BaCl2), caffeine, dimethyl sulf-
oxide (DMSO), ethylene glycoltetraacetic acid (EGTA),
glibenclamide, nifedipine, phenylephrine (PE), potassium
chloride (KCl), phorbol-12-myristate-13-acetate (PMA),
propranolol, and tetraethylammonium chloride (TEA)
were purchased from Sigma (St. Louis, MO, USA).
Animals. Male Wistar rats, weighing 200–300g, were ob-
tained from the National Laboratory Animal Center,
Mahidol University, Salaya, Nakornpathom, Thailand.
The animals were housed in individual cages under stan-
dard laboratory conditions (12:12h light–dark cycle con-
ditions, at 24±1 °C) and were allowed free access to
rodent diet and tap water provided by the Animal Care
Facility Center, Chiang Mai University, Thailand. In this
study, all the experimental protocols were approved by
the Animal Ethical Committee of ChiangMai University,
Chiang Mai, Thailand.
Preparation of HHC. The HHC was prepared from C.
longa, as described previously (Changtam et al., 2010).
Copyright © 2015 John Wiley & Sons, Ltd.
Briefly, the curcuminoid mixture obtained from the rhi-
zomes of C. longa was subjected to silica gel column
chromatography, using n-hexane–dichloromethane, di-
chloromethane, and dichloromethane–methanol as elu-
ents to afford curcumin as a major component. Then,
recrystallization was accomplished by dissolving the evap-
orated eluate with a small quantity of dichloromethane,
and ethanol was then added. Curcumin crystallized out
as yellow needles, with a melting point 181–183 °C. After-
ward, HHC was synthesized from curcumin by catalytic
hydrogenation reaction in ethanol for 5h, with palladium
on charcoal as the catalyst. HHC was isolated from
tetrahydrocurcumin (THC) and octahydrocurcumin
(OHC) using silica gel column chromatography. Recrys-
tallization by addition of dichloromethane–n-hexane gave
45%yield ofHHC. THC andOHCwere obtained in 28%
and 11% yields, respectively.
Tetrahydrocurcumin (THC): crystals (CH2Cl2–n-hex-
ane), mp 93–94°C; IR (KBr): νmax 3418, 3066, 2934,
2845, 1694, 1602, 1517, 1459, 1432, 1437, 1373, 1235,
1119, 1033, 922, 814, 799 cm�1; 1H-NMR (400MHz,
CDCl3): δ 2.52 (t, J=7.7Hz, 4H, H-2 and H-6), 2.82 (t,
J=7.7, 4H, H-1 and H-7), 3.83 (s, 6H, 2 × OCH3), 5.40
(s, 1H, H-4), 5.49 (br s, 2H, 2 × OH), 6.64 (partially over-
lapping signal, 2H, H-5′ and H-5″), 6.65 (br s, 2H, H-2′
and H-2″), 6.80 (d, J=7.9Hz, 2H, H-6′ and H-6″); EIMS:
m/z (% rel. abund.) 372 [M]+ (25), 358 (3), 137 (100), 151
(8), 150 (8).
Hexahydrocurcumin (HHC): white amorphous solid
(CH2Cl2–n-hexane), mp 81–82 °C; IR (KBr): νmax 3405,
3013, 2859, 1604, 1515, 1452, 1430, 1368, 1271, 1234,
1152, 1034, 755 cm�1; 1H-NMR (400MHz, CDCl3): δ
1.62 and 1.74 (each m, 2H, H-6a and H-6b), 2.51 (m, 2H,
H-7), 2.57 (m, 1H, H-4a), 2.67–2.72 (m, 3H, H-4b and
H-2), 2.80 (t, J=7.4Hz, 2H, H-1), 3.83 and 3.84 (each s,
6H, 2 × OCH3), 4.01 (m, 1H, H-5), 5.47 (br s, 2H, 2 ×
OH), 6.62–2.67 (m, 4H, H-2′, H-2″, H-5′, H-5″), 6.80 (d,
J=7.9Hz, 2H, H-6′ andH-6″); EIMS:m/z (% rel. abund.)
374 [M]+ (12), 219 (33), 137 (100).
Octahydrocurcumin (OHC): colorless sticky solid; IR
(KBr): νmax 3405, 3013, 2940, 2859, 1604, 1515, 1452,
1430, 1271, 1152, 1124, 1034, 935, 755 cm�1; 1H-NMR
(400MHz, CDCl3 + 10 drops of CD3OD): δ 1.50 (m,
2H) and 1.67 (m, 4H) (H-2, H-4, H-6), 2.50 and 2.59 (each
m, each 2H, H-1 and H-7), 3.77 (m, 2H, H-3 and H-5),
3.78 (s, 6H, 2 × OCH3), 6.59 (d, J=8.0Hz, 2H, H-5′ and
H-5″), 6.63 (s, 2H, H-2′ and H-2″), 6.72 (d, J=8.0Hz,
2H, H-6′ and H-6″); EIMS: m/z (% rel. abund.) 376
[M]+ (16), 358 (54), 340 (8), 190 (58), 137 (100).

The spectroscopic data of the above compounds were
consistent with those reported previously (Venkateswarlu
et al., 2005; Ishida et al., 2002; Lee et al., 2005). Through-
out the experiments, the solution of HHC was dissolved
in distilled water and DMSO, and the final concentration
of DMSO did not exceed 0.1%.
Preparation of thoracic aortic rings. The rats were anes-
thetized with sodium pentobarbital 50mg/kg by intra-
peritoneal route. The descending thoracic aorta was
removed and carefully cleaned off the surrounding con-
nective tissue and fat. The isolated aorta was then cut
transversely into rings about 3–4mm long. The aortic
ring was suspended between a pair of tungsten wire
hooks and immersed into a 2-ml organ bath chamber
Phytother. Res. 29: 1806–1813 (2015)
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which contained Krebs solution in the following compo-
sition (in mM): NaCl, 122; KCl, 5; [N-(2-hydroxyethyl)
piperazine N′-(2-ethanesulfonic acid)] (HEPES), 10;
KH2PO4, 0.5; NaH2PO4, 0.5; MgCl2, 1; glucose, 11; and
CaCl2, 1.8 (pH 7.4). All of the chambers were main-
tained at 37 °C and were continuously gassed with
95% O2 and 5% CO2. Every aortic ring was placed with
the initial resting tone at 1 g, according to the method
followed by Brito et al. (2013), and was allowed at least
1 h for the equilibration of the vessel before testing in
each experimental protocol. During this equilibrium pe-
riod, the Krebs solution was changed every 15min. The
changes in the vascular tone tension were recorded
using an isometric force transducer (Iworx System,
Inc., NH 03820, USA) which was connected to a Power
Lab system (ADInstrument, Sydney, Australia).
In some of the experiments, the endothelial layer was

removed by gently rubbing the luminal surface of the
vessel rings with a fine pair of small forceps. The pres-
ence of endothelium was verified by the ability of ACh
(10μM) to induce more than 90% relaxation of the aor-
tic rings pre-contracted with PE (10μM), whereas a re-
laxation of less than 10% was regarded as indicating
endothelial denudation.

Experimental protocols in isolated arteries

Vasorelaxant effects of HHC on rat aortic rings
pre-contracted with PE or KCl. In order to determine
whether the vasorelaxation effects of HHC were because
of the endothelium-dependent and/or the endothelium-
independent mechanisms, experiments were performed
in both endothelium-intact and endothelium-denuded
rings. After steady contraction was evoked by PE
(10μM) or KCl (80mM) in both endothelium-intact and
endothelium-denuded rings, the HHC (1nM to 1mM)
was added cumulatively. The HHC-induced vasorelax-
ation in the aortic rings was calculated as a percentage
of the relaxation in response to PE or KCl in the presence
or absence of endothelium.

Role of α1-receptor in inhibitory vasoconstriction effect
of HHC.To evaluate whether HHC acts as an α1-receptor
blockade, endothelium-denuded rings were incubated
with the HHC (0.1μM, 1μM, 10μM, and 100μM) for
30min before exposing them to PE (0.1nM to 10μM),
which was added cumulatively. The obtained results are
shown as percentages of contraction, and a comparison
was done between the results obtained in the absence
(control) and the presence of the HHC.

Effect of HHC on extracellular Ca2+-induced contraction
activated by KCl. To determine whether the vasorelax-
ation of HHC was because of the inhibition of extrace-
llular Ca2+ influx to smooth muscle cells (SMC), the
experimental protocol was performed on endothelium-
denuded aortic rings. Briefly, the aortic rings were stabi-
lized in Ca2+-free Krebs solution for 30min. The rings
were then replaced with Ca2+-free 80mM KCl solution
to produce depolarization in SMC for opening voltage-
operated Ca2+ channels (VOCC). Next, the CaCl2 was cu-
mulatively added to the bath chamber (10μM to 10mM)
Copyright © 2015 John Wiley & Sons, Ltd.
to induce contraction. After the maximal response was
sustained, the aortic rings were washed with Ca2+-free
Krebs solution for 30min. When the tension went down
to the basal, the rings were depolarized with the Ca2+-free
80mMKCl solution again. The four concentrations of the
HHC (0.1μM, 1μM, 10μM, and 100μM), the vehicle, or
1μM of nifedipine (L-type VOCC blocker) were incu-
bated for 30min before adding CaCl2 cumulatively to
the bath to generate the concentration–response curve
again. The percentages of contraction induced by CaCl2
were compared with regard to the percentages obtained
in the absence (control) of HHC and those obtained in
the presence of HHC.

Effect of HHC on intracellular Ca2+ release from intra-
cellular stores sensitive to PE and caffeine. To investi-
gate whether the relaxation induced by HHC was
related to the inhibition of intracellular Ca2+ release
from the sarcoplasmic reticulum (SR), the experiment
was carried out on endothelium-denuded aortic rings.
After verifying the endothelium, KCl (80mM) was added
to stimulate the SMC contraction by providing Ca2+ load-
ing into SR, mediated by opening the VOCC. The rings
werewashedwith theCa2+-freeKrebs solution containing
EGTA (1mM) for the complete removal of the extracel-
lular Ca2+, followed by the activation of transient contrac-
tion by PE (10μM) or caffeine (20mM) in the Ca2+-free
Krebs solution containing EGTA (1mM) before and after
the pre-incubation with the HHC (0.1μM, 1μM, 10μM,
and 100μM). The results are expressed as percentages
of contraction obtained in the absence of HHC and in
the presence of HHC.

Effect of HHC on Ca2+ sensitivity of contractile proteins
and on eliciting Ca2+-independent vasoconstriction. In
order to determine the possibility that HHC may induce
vasorelaxation through a Ca2+-independent mechanism,
PMA, an activator of PKC, was employed to evoke SMC
contraction in the absence of extracellular Ca2+. In this pro-
tocol, the experiment was carried out on endothelium-
denuded aortic rings. After verifying the endothelium, the
aortic rings were washed and stabilized in Ca2+-free Krebs
solution. Later, the endothelium-denuded aortic rings were
inducted into the sustained contraction with PMA (1μM)
in the Ca2+-free Krebs solution for 1h. Next, cumulative
concentration–response curves were constructed by adding
cumulative doses of the HHC (1nM to 1mM) to the bath.
The data are shown as the percentages of the maximal
contraction that was induced by PMA in the Ca2+-free
Krebs solution, and the results obtained in the absence
(control) and presence of HHC were compared.

Role of K+-channel blockers in HHC-induced vasore-
laxation. To further investigate whether the insightful
mechanisms of the endothelium-independent relaxation
of HHC were because of the activation of various types
of K+-channel blockers, the endothelium-denuded rings
were pre-incubated with non-selective BKCa channel in-
hibitor TEA (5mM), Kv channel inhibitor 4-AP (1mM),
KATP channel inhibitor glibenclamide (10μM), or KIR
channel inhibitor BaCl2 (1mM) for 30min before the con-
traction generated by PE (10μM). After that, the HHC
Phytother. Res. 29: 1806–1813 (2015)
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(1nM to 1mM)was added cumulatively. The relaxant data
are shown as the percentages of relaxation as compared
between the results obtained in the absence (control) and
in the presence of four types of K+channel blockers.

Involvement of β-adrenergic receptor in HHC-induced
vascular relaxation. To assess whether the vasorelaxation
induced by HHC is associated with β-adrenoreceptor,
the endothelium-denuded aortic rings were pre-treated
with 1μM of propranolol (a nonselective blocker of
β-adrenergic receptor) for 30min before the addition
of 10μM of PE. The HHC at concentrations in the
range of 1nM to 1mM was then added cumulatively.
The relaxant data are shown as the percentages of relax-
ation as compared between the results obtained in the
absence (control) of propranolol and in the presence
of propranolol.

Statistical analysis. The experimental data are presented
as the mean±S.E.M., and n refers to the number of aortic
rings studied. The degree of relaxation was determined as
the percentage of reduction in the maximal arterial ten-
sion of the aortic rings after adding PE, or KCl, or PMA.
The statistical analysis was performed using unpaired Stu-
dent’s t-test between two groups, and one-way analysis of
variance (one-way ANOVA) was used for multiple com-
parisons between the experimental groups, followed by
the Post hoc Dunnett’s test (SPSS-software version 17).
A value of p less than 0.05 is considered significant in all
the statistical evaluations. Cumulative concentration–
response curves were plotted and adjusted using a nonlin-
ear curve-fitting program (GraphPad Prism 5).
RESULTS

Vasorelaxant effects of HHC on rat aortic rings
pre-contracted with PE or KCl

HHC at concentrations ranging from 1nM to 1mM was
observed to significantly attenuate the sustained
contraction induced by both PE and KCl in a
concentration-dependent manner (Fig. 2). The vascular
relaxation induced by HHC was not modified by the
Figure 2. The cumulative concentration–response curve of the effect of H
PE (10 μM) (A) and KCl (80mM) (B), that is, in the endothelium-intact (E
using one-way ANOVA, followed by Dunnett’s Multiple Comparison Te
control group (0.1% DMSO).

Copyright © 2015 John Wiley & Sons, Ltd.
removal of the endothelium of the aortic rings. HHC
caused concentration-dependent vasorelaxant effect on
PE-induced contraction in both endothelium-intact and
endothelium-denuded arteries, with Emax values of
111.32±5.76 and 111.93±3.55%, respectively (vs. control
group Emax values of�2.57±2.16%, p< 0.001). Similarly,
in the KCl pre-contracted rings, the HHC-induced
relaxation in the endothelium-intact arteries was not sig-
nificantly different from that found in the endothelium-
denuded rings, with Emax values of 112.21±4.68 and
113.16±4.07%, respectively (vs. control group Emax
values of 5.61±0.85%, p< 0.001). The EC50 values of
the relaxing effect of HHC for the endothelium-intact ar-
teries and the endothelium-denuded arteries were 3.87
±0.87μM, 1.13±0.07μM on PE-induced contraction
and were 95.12±1.04μM, 90.90±0.91μM on KCl-
induced contraction, respectively.
Role of α1-adrenergic receptor in inhibitory
vasoconstriction effect of HHC

HHC was able to inhibit the contraction provoked by
PE (10μM) in a concentration-dependent manner. Pre-
incubation with various concentrations of HHC, that
is, 1μM, 10μM, and 100μM, was found to significantly
inhibit the concentration–response contraction by PE,
and suppress its maximal contraction (Emax) to 87.45
±3.65%, 79.91±4.08%, and 43.32±4.96%, respectively
(vs. control group Emax=103.81±6.21%). However,
pre-treatment with HHC at the concentration of
0.1μM was observed to have no significantly different
effect from that of the control group with an Emax value
of 96.55± 1.16%, as demonstrated in Fig. 3.
Effect of HHC on extracellular Ca2+-induced contraction

To determine whether the vasorelaxant effect is medi-
ated through Ca2+ influx, a high concentration of KCl
(80mM) was used to depolarize the aortic rings. In the
Ca2+-free KCl (80mM) solution, cumulative addition
of CaCl2 (10μM to 10mM) induced a progressively
increased vascular tension (Fig. 4). Pre-treatment with
HHC (1μM, 10μM, and 100μM) significantly depressed
the maximal contraction to 92.11±3.27%, 83.5±2.39%,
and 63.08±4.23%, respectively (vs. control group’s
HC (1 nM to 1mM) on isolated rat aortic rings pre-contracted with
+) and endothelium-denuded (E�) rings. The data were analyzed
st, and expressed as mean ± S.E.M. of six rings. **p<0.01 vs.

Phytother. Res. 29: 1806–1813 (2015)



Figure 4. The effect of HHC (0.1 μM, 1 μM, 10 μM, and 100 μM)
and nifedipine (1μM) onCaCl2-induced contractile response in endo-
thelium-denuded rings. The cumulative-concentration curves were
determined in Ca2+-free Krebs solution after intracellular and extra-
cellular Ca2+depletion. The CaCl2-contractile effect was dependent
on the Ca2+ influx via the VOCC, induced by KCl (80mM). The data
were analyzed using one-way ANOVA, followed by Dunnett’s Multi-
ple Comparison Test, and expressed as mean ±S.E.M. of six rats.
**p<0.01 vs. control group (0.1% DMSO).

Figure 3. The inhibitory effects of HHC (0.1 μM, 1 μM, 10 μM, and
100 μM) on the vascular contraction induced by cumulative
0.1 nM to 10 μM of PE in endothelium-intact rat aortic rings. The
data were analyzed using one-way ANOVA, followed by Dunnett’s
Multiple Comparison Test, and presented as mean ± S.E.M. of six
rings. *p<0.05 and **p<0.01 vs. control group (0.1% DMSO).

Figure 5. The inhibitory effect of HHC (0.1 μM, 1 μM, 10 μM, and 100 μM
Ca2+ release from the SR on endothelium-denuded aortic rings in the
ANOVA, followed by Dunnett’s Multiple Comparison Test, and expres
(0.1% DMSO).
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value of 110.43± 8.25%). However, pre-treatment with
HHC at the concentration of 0.1μM was observed to
have no significantly different effect from that of the
control group. Moreover, pre-treatment with nifedipine
(1μM), an L-type Ca2+ blocker drug, was found to
completely inhibit the contraction with an apparent
Emax value of 3.09± 1.14%.
Effect of HHC on SR Ca2+ release

In the Ca2+-free Krebs solution, both PE (10μM) and caf-
feine (20mM) induced a transient contraction because of
the release of intracellular Ca2+ from the SR. As shown in
Fig. 5A, pre-incubation with HHC (0.1μM, 1μM, 10μM,
and 100μM) for 30min was observed to significantly
attenuate PE-induced contraction which noticeably
decreased the maximal contraction to 80.66±1.96%,
70.68±2.29%, 60.13±2.23%, and 33.23±3.74%, respec-
tively (vs. control group’s value of 88.65±2.26%). HHC
(0.1μM, 1μM, 10μM, and 100μM) was also found to sig-
nificantly reduce caffeine-evoked transient vasoconstric-
tion to 77.19±4.22%, 67.8±4.35%, 64.58±2.25%, and
49.95±3.93%, respectively (vs. control group’s value of
88.52±3.26%) (Fig. 5B).
Effect of HHC on Ca2+ sensitivity of contractile proteins
and on eliciting Ca2+-independent vasoconstriction

In order to determine the possibility that HHC relaxed
aortic rings through Ca2+-independent mechanism,
PMA (1μM), the PKC activator, was applied to evoke
a sustained contraction in the Ca2-free Krebs solution.
The results revealed that the cumulative application of
HHC caused concentration-dependent relaxation with
an EC50 value of 93.36±1.03μM (Fig. 6). The contrac-
tion induced by PMA was found to have been signifi-
cantly abolished by HHC, and it showed 117.6±1.83%
of relaxant action in the HHC treatment (vs. control
group’s value of �4.83±3.08%).
Role of K+-channels in HHC-induced vasorelaxation

To test the involvement of K+ channels in HHC induced
relaxation in endothelium-denuded aorta rings, the aortic
) on PE (10 μM) (A), and caffeine (20mM) (B) induced-intracellular
Ca2+-free Krebs solution. The data were analyzed using one-way
sed as mean ± S.E.M. of six rats. **p<0.01 vs. control group

Phytother. Res. 29: 1806–1813 (2015)



Figure 6. The inhibitory effect of HHC (1 nM to 1mM) on PMA
(1 μM) pre-contracted endothelium-denuded aortic rings in the
Ca2+-free Krebs solution. The data were analyzed with Student’s
t-test and expressed as mean ± S.E.M. of six rats. *p<0.05 and
**p<0.01 vs. control group (0. 1% DMSO).

Figure 8. The vasorelaxant response induced by HHC (1 nM to
1mM) in endothelium-denuded aortic rings pre-contracted with
PE (10 μM) in the absence (control) or presence of propranolol (a
nonselective β-receptor antagonist, 1 μM). The data were analyzed
with Student’s t-test and expressed as mean ± S.E.M. of six rats.
*p<0.05 vs. control group (0. 1% DMSO).
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vessels were pre-treated with K+ channel blockers, such
as BKCa blocker TEA (5mM), KV blocker 4-AP
(1mM), KIR blocker BaCl2 (1mM), or KATP blocker
glibenclamide (10μM) for 30min before the contraction
produced by PE (10μM). As shown in Fig. 7, pre-
treatment with K+ channel blockers produced no effect
on the HHC-induced vasorelaxation (p>0.05). This
result indicates that K+ channel activation is not involved
in HHC-induced relaxation.
Involvement of β-adrenergic receptor in HHC-induced
vascular relaxation

To test the involvement of β-adrenergic receptor in HHC-
induced relaxation in endothelium-denuded aorta rings,
we pre-treated aortic vessels with propranolol (1μM), a
non-selective β-adrenergic receptor blocker, for 30min
before contraction produced by PE (10μM). The result
found that propranolol significantly decreased the maximal
relaxation to 107.56±2.68% (vs. control group’s value of
Figure 7. The effects of K+ channel blockers on vasorelaxant
response obtained by HHC (1 nM to 1mM) in endothelium-
denuded aortic rings pre-contracted with PE (10 μM) in the
absence (control) or presence of 4-aminopyridine (4-AP, 1mM),
tetraethylammoniumchloride (TEA, 5mM), glibenclamide (10 μM),
and barium chloride (BaCl2, 1mM). The data were analyzed using
one-way ANOVA, followed by Dunnett’s Multiple Comparison Test,
and expressed as mean ±S.E.M. of n=6 rats.

Copyright © 2015 John Wiley & Sons, Ltd.
118.82±3.62%) (Fig. 8). This result indicates that the
β-adrenergic receptor is involved in HHC-induced
relaxation.
DISCUSSION

HHC, one of the major metabolites of curcumin, has been
examined for its vasorelaxant effects and the underlying
mechanisms of action involved in rat thoracic aorta. It is
well known that one of the principal mechanisms of antihy-
pertensive drugs is to lower the vascular resistance by dilat-
ing the blood vessels, thereby expressing their influence
through vascular endothelium, or by acting directly on the
vascular SMC, which are, respectively, called endothelium-
dependent and endothelium-independent mechanisms.
Our results demonstrate that HHC dose-dependently re-
laxed the endothelium-intact aortic rings pre-contracted
with KCl and PE. However, mechanical removal of the en-
dotheliumwas not found to significantly attenuate the relax-
ant effects of HHC in both PE and KCl pre-contracted
rings. These findings suggest that the vasorelaxant effect
induced by HHC occurs by endothelium-independent
mechanisms, and that it directly acts through SMC.

Accumulation of intracellular Ca2+ concentration
through an influx of extracellular Ca2+ via Ca2+ channels
as well as Ca2+ release from intracellular stores is a critical
factor in excitation–contraction coupling in smooth muscle
contraction (Jackson, 2000). For this reason, we next fo-
cused on the vasorelaxant ability of HHC regarding
whether it would be able to modulate the intracellular
Ca2+ ion level in the SMC. The influx of extracellular Ca2
+ occurs mainly through two types of transmembrane Ca2
+ channels, which are ROCC and VOCC (Berridge et al.,
2003). The contraction induced by PE is because of the ac-
tivation of the α1-adrenergic receptor, which eventually
results in an increase in the Ca2+ influx pass through the
ROCC whereas K+-induced contraction is mediated by
membrane depolarization and subsequent opening of
the VOCC (Metzler et al., 2013). Besides the activation
of the ROCC, the binding of PE to α1-adrenergic recep-
tors also activated the production of inositol-1,4,5-
triphosphate (IP3); IP3 stimulates IP3 receptors (IP3R)
Phytother. Res. 29: 1806–1813 (2015)
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on the SR membrane and then mediates Ca2+mobiliza-
ation from SR, thus leading to transient contraction of
vessels (Chen et al., 2009; Tao et al., 2013). Our results
revealed that HHC was able to relax aortic rings pre-
contractedwith either PE orKCl, indicating that a vasodi-
lator effect caused by the HHC might be acting as the
blockade of both the ROCC and the VOCC. We next
examined the inhibitory effect of HHC on α1-receptors:
our results clearly demonstrated that pre-incubation with
HHC (1μM, 10μM, and 100μM) significantly reduced
the vascular tension induced by PE cumulatively
(0.1nM to 10μM) in a concentration-dependent manner.
Thus, it seems likely that the ROCC-coupled α1-adrener-
gic receptors may be affected by the HHC compound.
Moreover, the influence of HHC on the VOCC was also
evaluated in Ca2+-mediated contraction in high K+-
depolarizing solution. We found that HHC significantly
inhibited the Ca2+-induced contraction in high K+-
depolarized rings in a concentration-dependent manner,
indicating that HHC can inhibit extracellular Ca2+ move-
ment through the VOCC. In addition, the contraction was
observed to be completely abolished by nifedipine, a typ-
ical L-type VOCCblocker, confirming the involvement of
L-type VOCC in the contractile response of HHC (Lee
et al., 2005). Next, we further studied whether the
vasorelaxant effect ofHHCwas because of the interfering
of the Ca2+ released from intracellular stores. As
discussed above, PE induces Ca2+ release from SR via
IP3R activation, whereas caffeine induces Ca2+ release
from SR via IP3-independent ryanodine receptors
(RyR), intracellular Ca2+channels on the SR membrane
(Berridge et al., 2003). In our study, it was observed that
HHC markedly decreased the transient contraction in-
duced by both PE and caffeine in a dose-dependent man-
ner. Therefore, it seems likely that the vasorelaxant
actions of HHC involve a reduction in the IP3-indepen-
dent and IP3-dependent mediated Ca2+mobilizationfrom
the internal stores. Aside from the activation of the
ROCC and IP3R, PE also generates a second messenger
diacylglycerol (DAG) which further activates PKC activ-
ity which is involved in various physiological activities.
PKC has been reported to promote vascular contraction
by blockading the K+ channels, followed by the opening
of the VOCC and the ROCC (Lin et al., 2010). In addi-
tion, PKC also modulates vascular contraction by directly
phosphorylatingmyosin light chain kinase (MLCK), which
consequently phosphorylates the contractile proteins myo-
sin light chain (MLC). Indeed, PKC induces increased Ca2
+sensitivity in the contractile proteins, and triggers a Ca2+-
independent vasoconstriction (Hilgers and Webb, 2005).
In the present study, we used the PMA, a PKC activator,
to evoke sustained contraction of the aortic vessels in
the Ca2+-free Krebs solution and we found that the
HHC decreased the PMA-induced contraction in a
concentration-dependent manner. Thus, it is likely that
the PKC-mediated Ca2+-independent vasoconstriction
may be another target of HHC-induced relaxation.
Copyright © 2015 John Wiley & Sons, Ltd.
It is well known that opening of K+ channels leads to
membrane hyperpolarization, and closure of VOCC,
which inhibits Ca2+ influx and subsequent vasodilation
(Sun et al., 2011). Moreover, membrane hyperpolariza-
tion is reported to inhibit PKC activities (Yamamura
et al., 2012), thereby promoting vasorelaxation. Our re-
sults revealed that the vasorelaxant effects of HHC were
unaffected by pre-treatment with TEA (a blocker of
BKCa), 4-AP (a KV blocker), BaCl2 (a non-specific
blocker of KIR), and glibenclamide (a selective inhibitor
of KATP), suggesting that the effect of HHC on smooth
muscle relaxation did not seem to be because of the
opening of the K+ channels. Therefore, we excluded
the ability of HHC to activate K+ channel-mediated
vasorelaxation.

β-adrenergic receptors, which are distributed on the
plasma membrane of the vascular SMC in both rats and
humans, are important regulators of the vascular tone
(Li et al., 2010). β-Adrenoceptor-induced vasodilation is
activated by an increase in the intracellular cyclic adeno-
sine monophosphate (cAMP) concentration and by the
activation of the K+ channels (Huang and Kwok, 1998;
Sun et al., 2011). To investigate the possible involvement
of β-adrenoceptors in HHC-induced relaxation, we used
propranolol, a β-adrenergic receptor blocker, in this pro-
tocol. The result showed that the propranolol partially
inhibited the HHC-induced relaxant response when the
volumes were 0.3mM and 1mM, indicating that the high
concentrations of HHC-induced vasorelaxation might be
attributed to β-adrenoceptors.

In conclusion, our results suggest that HHC induces re-
laxation in rat aortic rings through an endothelium-
independent pathway. The possible mechanisms of vaso-
relaxation of HHC involved four mechanisms, including
(1) activation through β-adrenoceptors, (2) inhibition of
extracellular Ca2+ influx via the ROCC and the VOCC,
(3) inhibition of Ca2+mobilization from intracellular
stores as well as (4) inhibition of PKC mediated Ca2+-in-
dependent contraction. It needs to be mentioned that ad-
ditional studies are needed to test the other possible
mechanisms underlying HHC-induced vasorelaxant ef-
fects, in addition to further in vivo study.
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