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BACKGROUND AND PURPOSE

Nuciferine, a constituent of lotus leaf, is an aromatic ring-containing alkaloid, with antioxidative properties. We hypothesize
nuciferine might affect vascular reactivity. This study aimed at determining the effects of nuciferine on vasomotor tone and
the underlying mechanism

EXPERIMENTAL APPROACH

Nuciferine-induced relaxations in rings of rat main mesenteric arteries were measured by wire myographs. Endothelial NOS
(eNOS) was determined by immunoblotting. Intracellular NO production in HUVECs and Ca?* level in both HUVECs and
vascular smooth muscle cells (VSMCs) from rat mesenteric arteries were assessed by fluorescence imaging.

KEY RESULTS

Nuciferine induced relaxations in arterial segments pre-contracted by KCI or phenylephrine. Nuciferine-elicited arterial
relaxations were reduced by removal of endothelium or by pretreatment with the eNOS inhibitor L-NAME or the NO-sensitive
guanylyl cyclase inhibitor ODQ. In HUVECs, the phosphorylation of eNOS at Ser''”” and increase in cytosolic NO level induced
by nuciferine were mediated by extracellular Ca?* influx. Under endothelium-free conditions, nuciferine attenuated
CaCl,-induced contraction in Ca%*-free depolarizing medium. In the absence of extracellular calcium, nuciferine relieved the
vasoconstriction induced by phenylephrine and the addition of CaCl,. Nuciferine also suppressed Ca?* influx in Ca*'-free
K*-containing solution in VSMCs.

CONCLUSIONS AND IMPLICATIONS
Nuciferine has a vasorelaxant effect via both endothelium-dependent and -independent mechanisms. These results suggest
that nuciferine may have a therapeutic effect on vascular diseases associated with aberrant vasoconstriction.

LINKED ARTICLES
This article is part of a themed section on Chinese Innovation in Cardiovascular Drug Discovery. To view the other articles in
this section visit http://dx.doi.org/10.1111/bph.2015.172.issue-23

Abbreviations

[Ca?1;, intracellular calcium; [NOJ;, intracellular NO; DAF-FM DA, 4-amino-5-methylamino-2’,7’-difluorofluorescein
diacetate; EDHF, endothelium-derived hyperpolarizing factor; eNOS, endothelial NOS; Fluo-4 AM, fluo-4-
acetoxymethylester; iNOS, inducible NOS; L-NAME, Nw-nitro-L-arginine methyl ester; ODQ, 1H-[1,2,4]oxadizolo[4,3-a]
quinoxalin-1-one; VDCCs, voltage-dependent Ca*" channels; VSMCs, vascular smooth muscle cells
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“>“Alexander et al., 2013a,b,c).

Introduction Nuciferine (PubChem CID: 10146), a constituent of lotus leaf,
is an aromatic ring-containing alkaloid (Figure 1A). Recently,
Vascular dysfunction is a key factor in a variety of cardiovas- nuciferine was shown to increase insulin secretion in isolated
cular diseases such as hypertension, atherosclerosis, diabetes islets of pancreas via closure of Kyrp channels (Nguyen et al.,
and stroke (Brunner et al., 2005). Increased vascular contrac- 2012). In hamsters given a high-fat diet, nuciferine treatment
tility and decreased dilatation are among the key features of alleviated dyslipidaemia and liver steatosis by inhibition of
endothelial dysfunction, which are associated with many the expression of hepatic genes linked to lipid metabolism
other pathophysiogical processes such as pro-inflammatory, (Avila et al., 2013).

proliferative and pro-coagulatant states (Xiao et al., 2014). Although these effects of nuciferine on metabolism have
The endothelium plays a pivotal role in modulating vascular now been described, little is known about its potential vas-
function by releasing vasoactive substances, such as NO, cular activity. Earlier studies showed that the compounds
endothelin and PGs (Vanhoutte et al., 2009). extracted from lotus leaf, including nuciferine, exhibited
Nelumbo nucifera (commonly named lotus) leaf is a antioxidative property (Wu et al., 2003; Huang et al., 2010).
medicinal herb that has been used in traditional Chinese In view of the involvement of oxidative stress in the patho-
medicine for the treatment of fever, diarrhoea and bleeding. genesis of vascular dysfunction, we hypothesized that nucif-
Several alkaloids extracted from lotus leaf have been shown erine might affect vascular reactivity. Therefore, the present
to possess therapeutic potentials for obesity (Ono et al., 2006; study aimed to investigate whether nuciferine affects vaso-
Du etal., 2010), atherosclerosis (Ho etal., 2010) and motor tone in isolated arteries and to elucidate the under-

infections (Kashiwada et al., 2005; Agnihotri ef al., 2008). lying mechanism(s).
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Figure 1

The structure of nuciferine and the effect of nuciferine on agonist-induced contraction. In (A), the chemical structure of nuciferine. In (B) rings from
rat main mesenteric arteries were pre-contracted by 60 mM K* or in (C) by 10 uM phenylephrine (Phe), followed by the cumulative addition of
vehicle or nuciferine. Data shown are means = SEM; n = 6-9. *P < 0.05, significantly different from vehicle (DMSO).
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Methods

Animals

All animal care and experimental protocols were in accord-
ance with the Animal Management Rules of the Ministry of
Health of China and the guidelines for the Care and Use of
Laboratory Animals of Xi'an Jiaotong University (Approval
No.: XJTULAC2013-018). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 51 animals were used
in the experiments described here. Female Sprague-Dawley
rats weighing 230-270 g were provided by the Experimental
Animal Center of Xi'an Jiaotong University.

Preparation of arterial rings

Rats were Kkilled by CO, inhalation, and then the main mes-
enteric arteries were quickly isolated and immersed in cold
oxygenated Krebs solution containing (mM): NaCl 119,
NaHCO; 25, KCI 4.7, MgCl, 1, KH,PO, 1.2, CaCl, 2.5 and
D-glucose 11. The arteries were cleared of connective tissues,
and then cut into ring segments, 2 mm long. For the
endothelium-denuded rings, the vessels were perfused with
0.1% Triton X-100 for 10s to remove the endothelium
(Fountain et al., 2004).

Measurement of isometric force
Each experiment was performed on rings prepared from dif-
ferent rats. One of the rings from each rat was used to
examine nuciferine-induced relaxations for comparison with
other groups, so the number of these experiments was larger
than the others. The arterial rings were mounted in Multi
Myograph System (Danish Myo Technology A/S, Aarhus,
Denmark) to measure the isometric force. Briefly, two stain-
less steel wires (40 um in diameter) were threaded through
the ring’s lumen and fixed to the jaws of the myograph. The
mounted rings were immersed in temperature-controlled
(37°C) chamber baths containing 5 mL Krebs solution.
During the course of the whole experiment, the solution was
continuously oxygenated with a gas mixture of 95% O, plus
5% CO,. The arterial rings were given a resting tension of
3 mN and then allowed to equilibrate for 60 min prior to
experiment. The integrity of the functional endothelium was
tested by obtaining a relaxation to ACh (1 uM) in rings pre-
contracted with phenylephrine (10 uM). The endothelium
was considered intact when such an ACh-induced relaxation
was more than 85% of the pre-contraction value to phenyle-
phrine. In the experiments with endothelium-denuded arte-
rial rings, lack of relaxation in response to ACh was
considered to show successful removal of the endothelium.

To determine the vasorelaxant effect of nuciferine, 60 mM
KCl or 10 uM phenylephrine was used to pre-constrict
endothelium-intact arterial rings. After a sustained contrac-
tion was obtained, the concentration-dependent responses to
nuciferine (0.03-100 uM) were examined. The time-matched
vehicle control (DMSO) group was also analysed. The final
concentration of DMSO was 0.1% (v/v).

In order to evaluate the role of endothelium-derived vaso-
dilator factors, endothelium-intact arteries were incubated for
30 min with each of the following inhibitors: 100 uM
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L-NAME (NOS inhibitor), 1 uM indomethacin (nonselective
COX inhibitor), 100 nM 1400W (inducible NOS inhibitor,
iNOS inhibitor) and 3 uM ODQ (NO-sensitive guanylyl
cyclase inhibitor) before the addition of phenylephrine
(10 uM) and nuciferine. L-NAME plus indomethacin was used
to assess the involvement of endothelium-derived hyperpo-
larizing factor (EDHF) indirectly.

To examine the role of B-adrenoceptors in the vasorelax-
ant effect of nuciferine, some endothelium-denuded arterial
rings were pretreated with 1 uM propranolol (B-adrenoceptor
antagonist) for 30 min before the addition of phenylephrine
(10 uM) and nuciferine.

The effect of nuciferine on regulating Ca* influx via
voltage-dependent Ca** channels (VDCCs) was tested. After
preincubation with nuciferine (1 or 10 pM) or 1 uM nifedi-
pine (L-type Ca*" channel inhibitor) for 20 min, cumulative
concentrations of CaCl, (0.01-30.0 mM) were added in Ca*-
free depolarizing medium containing KCI (60 mM) to trigger
the contraction of endothelium-denuded arteries.

Some endothelium-denuded arterial segments were pre-
treated with nuciferine (1 or 10 uM) for 20 min, and then
the concentration-dependent responses to phenylephrine
(0.003-1000.0 uM) were examined. To determine whether
the vasorelaxation to nuciferine resulted from regulation of
Ca* fluxes, the effects of nuciferine (1 or 10 uM) on the
contractile response of arteries without endothelium to phe-
nylephrine (10 uM) and the addition of CaCl, (2 mM) in Ca*
-free Krebs solution were studied.

Culture of HUVECs

HUVECs were obtained from umbilical cords, with the
donors’ permission and the approval of the hospital’s Ethical
Committee. The protocol for the isolation of HUVECs was
approved by the Ethical Committee of Xi’an Jiaotong Uni-
versity and the cells cultured as previously described (Wang,
2002). Briefly, HUVECs were harvested by collagenase treat-
ment of umbilical cord veins and cultured on plates coated
with collagen. Cells were maintained in M199 supplemented
with 16% FBS, 20 mM HEPES (pH 7.4), 1 ng-mL™" of recom-
binant human fibroblast growth factor, 90 ug-mL™ of heparin
and antibiotics. HUVECs within six passages were used in the
subsequent cell experiments.

Primary culture of vascular smooth muscle
cells (VSMCs) from main mesenteric arteries
of rats

VSMCs were cultured by the explant technique. Main mes-
enteric arteries from rats were isolated with removal of
endothelium; and then cut into small pieces (~1 mm?). The
tissues were placed in culture dishes and cultured in 80%
DMEM with 20% FBS, 100 ug-mL™"' streptomycin and
100 U-mL™ penicillin at 37°C and 5% CO, in air till 70%
confluence. The identity of the primary cultured VSMCs was
verified by positive staining for o-smooth muscle actin
(Abcam, Cambridge, UK) and negative staining for eNOS.

Measurement of intracellular NO ([NOJ;) and
calcium ([Ca*1;) levels in HUVECs

[NOJ; and [Ca*]; were detected using fluorescent indicators
DAF-FM DA and Fluo-4 AM respectively. After different treat-
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ment, cultured HUVECs seeded on glass coverslips were incu-
bated in M199 medium containing 0.1 uM DAF-FM DA or
5 uM Fluo-4 AM for 20 min at 37°C, and then washed with
PBS. Images were obtained using fluorescence microscopy
(Olympus America, Inc., Melville, NY, USA) and evaluated
using MOTIC software (Motic Company, Xiamen, China). For
quantification purpose, three images were randomly taken
per slide. The mean fluorescence intensity value of the three
images was taken to be the slide value.

Measurement of [Ca*']; in VSMCs by
ﬂuorescence WliCTOSCOpy

[Ca*]; in VSMCs was measured as described by Cheang et al.,
(2013). Cultured VSMCs from rat main mesenteric arteries
seeded on glass coverslips were incubated with 10 uM Fluo-4
AM in normal physiological saline solution at 37°C for 1 h;
and treated with DMSO (vehicle control), 10 uM nuciferine,
or 1 uM nifedipine (positive control) for 20 min. The solution
was then replaced with Ca®-free physiological saline solu-
tion, containing 60 mM K'. Fluorescence images were
obtained using fluorescence microscopy continuously every
5's. Ca* influx was stimulated by addition of 2 mM CaCl,.
Changes in [Ca?*']; was expressed as a ratio (F/Fo) by compar-
ing the fluorescence before (F;) and after (F;) adding CaCl,.

Western blotting analysis

Cultured HUVEC: after different treatment were harvested to
evaluate the level of endothelial NOS (eNOS) protein. The cell
lysates were collected in ice-cold RIPA buffer containing
1 mM EGTA, 1 mM EDTA, 1 mM sodium fluoride, 1 mM
sodium orthovanadate, 100 ug-mL™" phenylmethylsulfonyl
fluoride, 2 mg-mL™ B-glycerolphosphate, 5 ug-mL™ aprotinin
and 1 pg-mL™" leupeptin, and then centrifuged at 12 000 g for
20 min at 4°C. The protein concentration of supernatant was
determined using the Bradford assay (Bio-Rad, Hercules, CA).
The samples after denaturation were separated on 8% SDS-
PAGE and then transferred to polyvinylidene difluoride mem-
branes (Millipore, Billerica, USA). The membranes were
blocked with 1% bovine serum albumin for 1 h and subse-
quently exposed to corresponding primary antibodies for
total eNOS (95868, Cell Signaling Technology) or phosphor-
ylated eNOS at Ser''”” (9571, Cell Signaling Technology)
(1:2000) at 4°C overnight. After washing with Tris-buffered
saline/Tween 20, the membranes were incubated with HRP-
conjugated secondary antibody, anti-mouse (sc-2005, Santa
Cruz Biotechnology) or anti-rabbit (sc-2004, Santa Cruz Bio-
technology) antibody (1:3000) for 1 h at room temperature.
Then the membranes were developed using the enhanced
chemiluminescence detection system (ECL, Amersham, Pis-
cataway, NJ, USA). Phosphorylated eNOS and total eNOS
correspond to the band at approximately 140 kDa. The level
of B-actin (sc-47778, Santa Cruz Biotechnology) was used as
an internal reference.

Data analysis

Data are expressed as mean + SEM. For assays involving arte-
rial rings, the number (1) refers to the number of rats, each
providing 4-5 rings. Relaxation in each arterial segment is
expressed as the percentage of the contraction induced by
60 mM KCI or 10 uM phenylephrine. pECs, is the negative
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logarithm of the dilator concentration that produced half of
the maximal relaxation (En.x). pECso was calculated by non-
linear regression analysis using GraphPad Prism 5 (San Diego,
CA, USA). Concentration-relaxation curves were analysed by
two-way ANOVA followed by Bonferroni post hoc tests. Differ-
ence comparison among multiple groups was tested by one-
way ANOVA. P < 0.05 was considered statistically significant.

Materials

Nuciferine (purity by HPLC > 98.0%) was from APP-CHEM
(YHI-039, Xi'an, Shannxi, China). Phenylephrine, ACh,
N®nitro-L-arginine methyl ester (L-NAME), 1H-[1,2,4]
oxadizolo[4,3-a]quinoxalin-1-one (ODQ), indomethacin,
1400W, propranolol, nifedipine, BAPTA-AM and DMSO
were from Sigma Aldrich (St Louis, MO, USA). Fluo-4-
acetoxymethylester ~ (Fluo-4 AM) and  4-amino-5-
methylamino-2’,7’-difluorofluorescein  diacetate (DAF-FM
DA) were from Life Science, Ltd. (Eugene, OR, USA). Nucifer-
ine, BAPTA-AM, Fluo-4 AM and DAF-FM DA were dissolved in
DMSO. Indomethacin was dissolved in ethanol. Other chemi-
cals were dissolved in double distilled water. M199 medium,
DMEM and FBS were from Invitrogen (Carlsbad, CA, USA).
Antibodies for total eNOS and phosphorylated eNOS at Ser''”’
were from Cell Signaling Technology (Danvers, MA, USA).
Antibodies for B-actin and HRP-conjugated secondary anti-
body were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA).

Results

Nuciferine induced relaxation of isolated
main mesenteric arteries in a
concentration-dependent manner

Compared with the time-matched vehicle control (DMSO),
nuciferine elicited concentration-dependent relaxations in
the arterial segments pre-contracted by KCI or by phenyle-
phrine under endothelium-intact conditions (Figure 1 B and
C). The derived pECsy and En.x values are shown in Table 1.
The contraction tone of each ring before the addition of
vehicle or nuciferine was similar for both groups (Supporting
Information Table S1). Nuciferine induced relaxation in mes-
enteric arteries from male rats in the same manner (Support-
ing Information Fig. SIA and B). Additionally, nuciferine
caused concentration-dependent relaxation in aortas and
renal arteries in both male and female rats (Supporting Infor-
mation Fig. S2).

Nuciferine-evoked relaxation in arteries was
dependent on endothelium-derived
vasorelaxing factors and endothelium
Preincubation with a NOS inhibitor L-NAME or the
NO-sensitive guanylyl cyclase inhibitor ODQ, partly attenu-
ated the nuciferine-induced concentration-response curves
in endothelium-intact arterial rings, even though the
maximal relaxation did not change. By contrast, the non-
selective COX inhibitor indomethacin or the inducible NOS
inhibitor 1400 W did not modulate nuciferine-induced
relaxation (Figure 2A and B and Table 1). The effect of
L-NAME plus indomethacin on the nuciferine-induced



relaxation of arteries with endothelium and the effect of
nuciferine on arteries without endothelium were compared.
The results showed that arteries without endothelium exhib-
ited a decreased value of pECs,, but the maximal relaxation
was unchanged (Figure 2C and Table 1). Incubation with
L-NAME or ODQ and removal of endothelium increased
contraction tone as the production of relaxing factors
from endothelium was inhibited (Supporting Information
Table S1).

Nuciferine-induced vasorelaxation in arteries
was independent of B-adrenoceptors
on VSMCs

Nuciferine-induced concentration-dependent relaxation was
unaffected by propranolol in the endothelium-denuded

Table 1

PECso and Emax (%) values for nuciferine-induced relaxations of rings
from mesenteric arteries

Treatment PECso Emax (%)
Vehicle (60 mM KCI) 13.6+5.3
+nuciferine 4.82+0.08 93.5+1.1*
Vehicle (Phe) 8.2+7.1
+nuciferine 5.64+0.23 96.2 + 0.8*
Control (Phe) 5.60 £0.25 97.0+£0.7
+L-NAME 4.97 £0.10* 97.7 £0.6
+Indomethacin 5.60 £0.21 959+1.4
+0ODQ 4.86 + 0.05* 98.5+£0.8
+1400W 5.97+0.16 100.4 + 0.3
L-NAME + Indomethacin (Phe) 4.78 + 0.05 97.6 £1
-Endo 4.49 +0.07* 94.1+1.2

Phe, phenylephrine; -Endo, endothelium-denuded rings. Data
shown are means + SEM; n = 6-10. *P < 0.05, significant differ-
ence between control and treatment group
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arteries (data not shown), suggesting minimal contribution
by B-adrenoceptors on VSMCs to the nuciferine-induced
vasorelaxation.

Calcium regulation was involved in the
nuciferine-induced relaxation of arteries
Compared with control, 20 min treatment of endothelium-
denuded rings with nuciferine (1 or 10 uM) in Ca*-free
60 mM K*-containing Krebs solution shifted the CaCl,-
induced contraction curves towards the right (Figure 3A).
Incubation with nuciferine also attenuated phenylephrine-
induced contractions in arterial rings without endothelium
(Figure 3B). The pECs, value of CaCl, or phenylephrine-
induced contraction was significantly decreased in
endothelium-denuded rings (Table 2).

To further test the inhibitory role of extracellular Ca*
influx and/or intracellular Ca* release in the relaxant effect of
nuciferine on arteries, the rings without endothelium were
incubated with Ca*-free Krebs solution containing DMSO
(control) or nuciferine (1 or 10 uM) for 20 min, then 10 uM
phenylephrine was added to the bath solution to induce
contraction via intracellular Ca** release. When the maximal
contraction was obtained, further contraction via extracellu-
lar Ca®* influx was tested by the addition of 2 mM CacCl, into
the bath solution in the presence of phenylephrine
(Figure 3C). The results showed nuciferine alleviated the con-
tractions of arterial rings induced by phenylephrine and the
addition of CaCl, via inhibition of the intracellular Ca?*
release and extracellular Ca* influx respectively. Similar
effects were also obtained in arteries from male rats (Support-
ing Information Fig. S1C and D).

Increased |Ca*'|; by nuciferine promoted the
generation of NO in HUVECs mediated by
eNOS phosphorylation

Cultured HUVECs were incubated with nuciferine (1 or
3 uM). Under these conditions, the MTT test showed no cyto-
toxicity from nuciferine in the HUVECs, and cell morphology
was also not affected (data not shown). Application of
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Figure 2

The roles of endothelium-derived relaxing factors in nuciferine-triggered vasorelaxation. Effects of L-NAME, indomethacin (Indo), ODQ and
1400 W on nuciferine-induced relaxation of arterial rings pre-contracted by phenylephrine (Phe) (A and B). *P < 0.05, significantly different from
control. In ( C), the role of EDHF in the nuciferine-induced relaxation of arteries with endothelium and without endothelium (-endo). Data shown
are means £ SEM; n = 7-10. *P < 0.05, significantly different from L-NAME+Indo.
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Figure 3

Involvement of calcium regulation in nuciferine-induced relaxation. CaCl,-induced dose-dependent contractions in the absence and presence of
nuciferine (1 or 10 uM) in arterial rings without endothelium in Ca®-free depolarizing solution, with nifedipine as a positive control (A). In (B),

the effects of nuciferine on the contractile response of arterial rings to

phenylephrine (Phe). *P < 0.05, significantly different from control (DMSO).

In (C), The mechanism mentioned earlier is associated with the intracellular and/or extracellular Ca?* regulation (C). Contractile response of each
segment is expressed as a percentage of contraction by KCl (60 mM). Data shown are means + SEM; n= 5. *P < 0.05, significantly different from

control (phenylephrine), *P < 0.05 compared with control (CaCl,)

Table 2

pECso values of different agonists contracting the endothelium-
denuded mesenteric arteries after nuciferine incubation

Nuciferine
10 uM

Nuciferine

Control 1umMm

Agonist

2.87 £ 0.09%**
4.04 £ 0.09%**

CaCIz
Phenylephrine

3.40 +£0.08 3.26 £ 0.05
6.41 £0.32 5.19 +£0.10*

Data are means £ SEM; n = 5. *P < 0.05, significantly different
from control (DMSO). **P < 0.05, significantly different from
nuciferine (1 uM).

nuciferine stimulated the rise in [NOJ; and [Ca*1;, as reflected
by the increased fluorescence intensity (Figure 4A and B). The
ratio of phosphorylated eNOS to total eNOS was determined
to reflect the activation of eNOS. The phosphorylated eNOS
at Ser'”” in HUVECs was elevated by a 30 min incubation
with nuciferine (Figure 4C). In addition, the elevated eNOS
phosphorylation and [NOJ; levels induced by nuciferine were
abolished by pretreatment with BAPTA-AM, a Ca** chelator.
These results indicated that the nuciferine-induced NO pro-
duction was mediated by eNOS phosphorylation, following
raised [Ca®]; in HUVECs.

Nuciferine suppressed [Ca*]; rise in VSMCs
from rat main mesenteric arteries

In Ca*-free depolarizing solution, addition of 2 mM CaCl,
triggered Ca* influx in primary cultured VSMCs from main
mesenteric arteries of rats (Figure 5). Pretreatment for 20 min
with 10 uM nuciferine reduced the maximal increase of
[Ca*];. As a positive control, nifedipine (1 uM) also abolished
Ca?** influx. Its effect was the same in VSMCs from male rats
(Supporting Information Figure S3).
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Discussion

The present study shows novel findings regarding an acute
vasorelaxant effect of nuciferine. Nuciferine induced dose-
dependent relaxation of arterial rings through both
endothelium-dependent and -independent mechanisms,
which were supported by the following observations: (i)
endothelium-derived NO/guanylyl cyclase-related mecha-
nisms accounted for part of the nuciferine-induced relaxa-
tion; (ii) eNOS activation was mediated by influx of
extracellular Ca®** in HUVECs; (iii) intracellular calcium
([Ca*];) regulation was involved in the nuciferine-induced
relaxation of arteries without endothelium; (iv) nuciferine
inhibited Ca®* influx in VSMCs from rat mesenteric arteries;
(v) in addition to NO-mediated vasorelaxation to nuciferine,
other endothelium-derived factors like EDHF might also asso-
ciated with the relaxant effect of nuciferine; and (vi) K* chan-
nels, B-adrenoceptors or prostacyclin had little effect on the
vasorelaxation to nuciferine. These results reveal that the
NO/guanylyl cyclase pathway in endothelial cells and cyto-
plasmic calcium regulation in VSMCs were correlated with
the nuciferine-evoked relaxation. There was no difference
between arterial samples from male and female rats in terms
of the vasorelaxation to nuciferine.

Endothelial cells contribute importantly to the regulation
of the vascular tension by synthesis and release of several
vasodilators such as NO that causes vascular relaxation by
increasing production of cGMP in VSMCs (Wong et al., 2010).
The removal of endothelium attenuated the relaxation of
arterial rings to nuciferine, suggesting that the relaxation was
endothelium-dependent. L-NAME, a NOS inhibitor, partly
suppressed the relaxation of nuciferine, indicating that the
vasorelaxant effect of nuciferine was partly associated with
NO release. The NO-sensitive guanylyl cyclase inhibitor ODQ
also reduced nuciferine-induced relaxation. The results
clearly demonstrate that nuciferine can elicit a NO/guanylyl
cyclase-dependent vasodilation. By contrast, iNOS played no
role in the enhanced NO release, which was confirmed using
the iNOS inhibitor 1400 W.
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The production of NO induced by nuciferine is mediated by eNOS phosphorylation via increased [Ca?*]; in HUVECs. (A) HUVECs were pretreated
with the Ca?* chelator BAPTA-AM (0 or 5 uM for 3 h) and then stimulated with nuciferine (1 or 3 uM for 30 min). HUVECs were labelled with the
fluorescent NO indicator DAF-FM DA. The mean fluorescent intensity was evaluated (40x objective). Data shown are means + SEM; n=5. *P <
0.05, significantly different from DMSO (-BAPTA-AM), #P < 0.05, significantly different as indicated. (B) HUVECs were labelled with the fluorescent
Ca?* indicator Fluo-4 AM (20x objective). Data shown are means + SEM; n= 5. *P < 0.05, significantly different from DMSO, #P < 0.05, significantly
different from nuciferine (1 uM). (C) Protein was extracted and subjected to immunoblotting for phospho-eNOS (Ser1177), total eNOS and
B-actin. Western blots are representative of five independent experiments. *P < 0.05, significantly different from DMSO (-BAPTA-AM), #P < 0.05,

significantly different as indicated.

Calcium/calmodulin-dependent PKII is an important
regulator in the rapid activation of eNOS (Cai et al., 2007).
The present results showed that the application of nuciferine
to HUVECs increased the intracellular Ca* level, eNOS phos-
phorylation at Ser''”” and cytosolic NO production. Pretreat-
ment with the Ca? chelator BAPTA-AM abolished the
nuciferine-induced eNOS phosphorylation and increased
cytosolic NO level. The nuciferine-induced increase in eNOS
activation was dependent on extracellular Ca* influx in
endothelial cells. These results demonstrate that the stimu-
lated rise in cytosolic Ca*" was causally linked to nuciferine-

induced eNOS phosphorylation, which then augmented NO
production in endothelial cells.

The endothelium-derived vasodilators, prostacyclin and
EDHE, also participate in the regulation of vasomotor tone.
Prostacyclin induced-vasodilation is dependent on activation
of adenylyl cyclase in most arteries and, in some conditions
on VSMC hyperpolarization (Feletou et al., 2011). Pretreat-
ment with the non-selective COX inhibitor indomethacin
did not modulate the relaxant effect of nuciferine in this
study, revealing a negligible role for prostacyclin in the
response to nuciferine. EDHF-mediated relaxation is
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Nuciferine inhibited Ca?" influx in VSMCs from rat mesenteric arteries. (A) Representative images. (B) Representative time-course of responses and
(C) summarized graph of maximal change in Fluo-4 AM fluorescence intensity, showing the addition of 2 mM CaCl,-triggered Ca®* influx in
VSMCs was attenuated by preincubation with nuciferine (10 uM for 20 min) in Ca?-free 60 mM K*-containing solution. Nifedipine (1 uM for
20 min) also abolished Ca?* influx in VSMCs as positive control. Data shown are means + SEM; n= 5. *P < 0.05, significantly different from control

(DMSO).

associated with the opening of calcium-activated potassium
channels in endothelial cells, which results in endothelium-
dependent hyperpolarization in VSMCs (Feletou, 2006). The
concentration-response curves of nuciferine revealed that the
endothelium-denuded arteries exhibited a decreased value of
pECs, compared with the endothelium-intact arteries, after
pretreatment with L-NAME plus indomethacin, suggesting
indirectly that other endothelium-derived vasodilators, such
as EDHEF, could be involved in the relaxation induced by
nuciferine.

In endothelium-denuded arterial rings, nuciferine still
caused relaxation. Thus, it is conceivable that nuciferine may
directly act on VSMCs. K* channels and -adrenoceptors both
affect vascular tension. Activation of K* channels causes
hyperpolarization of the membrane potential and closure of
VDCCs in VSMCs, resulting in vasorelaxation (Quilley and
Qiu, 2005; Eichhorn and Dobrev, 2007). f-adrenoceptor ago-
nists elicit vasodilation through the activation of adenylyl
cyclase and the consequently increased cAMP in VSMCs
(Huang and Kwok, 1998). In the present study, based on the
observation on KCl-contracted arteries (Figure 1B), it is
unlikely that opening K*' channels participated in the
nuciferine-induced vasorelaxation. Furthermore, the -
adrenoceptor antagonist propranolol did not affect the
endothelium-independent relaxation to nuciferine in arter-
ies, suggesting that B-adrenoceptors were also not linked to
the vasorelaxation.

In VSMCs, contractions induced by raised extracellular K*
are known to activate VDCCs, thus increasing influx of extra-
cellular Ca** via membrane depolarization (Anfinogenova
et al., 2004). Nuciferine markedly attenuated the contractions
of arterial rings induced by 60 mM KCl, suggesting that nucif-
erine could inhibit the extracellular Ca* influx via VDCCs.
Phenylephrine acting on os-adrenoceptors also raises [Ca®];
and leads to contraction through the inositol phosphate
cascade mechanism in the first phase; and subsequently,
through Ca* release from sarcoplasmic reticulum, or through
enhanced extracellular calcium influx via VDCCs mainly or
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receptor-operated Ca* channels (ROCCs) in the second phase
(Lee et al., 2001). We found that incubation with nuciferine
caused a rightward shift of the phenylephrine-induced con-
traction curves in Ca®-containing solutions, implying that
nuciferine may restrict intracellular Ca* mobilization and/or
extracellular Ca* influx. Subsequently, the effect of nucifer-
ine (1 or 10 uM) on phenylephrine-induced contractions was
studied in Ca*-free medium. In the absence of extracellular
Ca?, nuciferine still inhibited these contractions, probably
via inhibition of intracellular Ca*" release. Subsequent addi-
tion of CaCl, induced contraction, which was reduced by
nuciferine as well, probably via inhibition of extracellular
Ca** influx. CaCly-evoked contraction of endothelium-
denuded arteries in a Ca*-free depolarizing solution was
repressed by nuciferine pretreatment, a finding providing
further support for the notion that nuciferine inhibited Ca**
influx. The inhibitory effect of nuciferine on Ca* influx was
also confirmed by Fluo-4 fluorescence imaging where nucif-
erine reduced the [Ca?1; rise in VSMCs from rat main mesen-
teric arteries upon the application of CaCl,. The result
indicated that nuciferine-induced relaxation may be associ-
ated with the inhibition of Ca* influx through VDCCs and of
Ca* release in VSMCs.

Nuciferine has been shown to exert beneficial therapeutic
effects, promoting insulin secretion (Nguyen et al., 2012) and
alleviating dyslipidaemia (Avila efal.,, 2013). The present
study showed that nuciferine relaxed arteries and inhibited
contraction. Therefore, nuciferine may have therapeutic
potential to normalise vascular tension, which is impaired
under cardiovascular pathologies such as hypertension, but
further investigations on animals are needed. Notably, nucif-
erine relaxed arteries through enhancement of NO produc-
tion and through blocking the rise in intracellular Ca* (by
Ca? influx and by intracellular Ca** release). Nuciferine prob-
ably acts on several targets that are worth being identified in
future studies for drug development.

In summary, this study demonstrated that the primary
vascular effects of nuciferine were attributable to increased



NO production by the activation of eNOS following a rise in
[Ca*]; levels in endothelial cells and, in VSMCs, to a suppres-
sion of [Ca*]; levels. Our experimental findings suggest that
nuciferine could provide beneficial effects in conditions
related to abnormal vasoconstriction.
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Figure S1 Nuciferine induced relaxation of rings from the
main mesenteric arteries in both male and female rats. The
rings of the main mesenteric arteries from male and female
rats pre-contracted by 60 mM K* (A) or 10 uM phenylephrine
(Phe) (B) were relaxed by nuciferine concentration-
dependently. The effects of nuciferine on the contractile
response of endothelium-free mesenteric arterial rings to
CacCl; (C) or phenylephrine (D) in male rats were shown. Data
shown are means + SEM. n = 5. *P < 0.05 compared with
control (DMSO).

Figure S2 Nuciferine induced relaxation of rings from aortas
and renal arteries from male and female rats. The aortic (A
and B) and renal arterial (C and D) rings from male and
female rats pre-contracted by 60 mM K* or 10 uM phenyle-
phrine (Phe) were relaxed by nuciferine. Data shown are
mean * SEM. n = 5.

Figure $3 Nuciferine inhibited Ca*" influx in VSMCs from
main mesenteric arteries of male Sprague-Dawley rats. Sum-
marized graph of maximal change in Fluo-4 AM fluorescence
intensity showing the addition of 2 mM CaCl,-triggered Ca**
influx in VSMCs was attenuated by preincubation with nucif-
erine (10 uM for 20 min) in Ca*-free 60 mM K'-containing
solution. Nifedipine (1 uM for 20 min) also abolished Ca*
influx in VSMC:s as positive control. Data shown are means +
SEM. n = 5. *P < 0.05 compared with control (DMSO).
Table S1 The contraction tone and final tone values for
nuciferine-induced relaxations of mesenteric arteries. Data
shown are means + SEM. *P < 0.05, significant difference
between control and treatment groups; n = 6-10.
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