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Abstract Cinnamaldehyde (CA), a major component of cin-
namon, is known to have important actions in the cardiovas-
cular system, including vasorelaxation and decrease in blood
pressure. Although CA-induced activation of the
chemosensory cation channel TRPA1 seems to be involved
in these phenomena, it has been shown that genetic ablation of
Trpal is insufficient to abolish CA effects. Here, we confirm
that CA relaxes rat aortic rings and report that it has negative
inotropic and chronotropic effects on isolated mouse hearts.
Considering the major role of L-type Ca®" channels in the
control of the vascular tone and cardiac contraction, we used
whole-cell patch-clamp to test whether CA affects L-type
Ca®" currents in mouse ventricular cardiomyocytes (VCM,
with Ca®" as charge carrier) and in mesenteric artery smooth
muscle cells (VSMC, with Ba®" as charge carrier). We found
that CA inhibited L-type currents in both cell types in a
concentration-dependent manner, with little voltage-
dependent effects. However, CA was more potent in VCM
than in VSMC and caused opposite effects on the rate of
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inactivation. We found these divergences to be at least in
part due to the use of different charge carriers. We con-
clude that CA inhibits L-type Ca*" channels and that this
effect may contribute to its vasorelaxing action. Impor-
tantly, our results demonstrate that TRPA1 is not a spe-
cific target of CA and indicate that the inhibition of
voltage-gated Ca®" channels should be taken into account
when using CA to probe the pathophysiological roles of
TRPAL.

Keywords Blood pressure - Calcium channel - Inotropic
effect - Vasorelaxation - TRPA1

Introduction

Cinnamon is a widely popular spice that has been long used in
traditional medicine [31] for its alleged antimicrobial, antiox-
idant, and anti-inflammatory effects [17, 25] and more recent-
ly in the treatment of diabetes [3]. Cinnamon is also consid-
ered to improve blood circulation [36] and has raised interest
for its potential use to decrease blood pressure [1, 2, 23].
Notably, it has been found that the main component of the
cinnamon bark, cinnamaldehyde (CA), has important actions
in the cardiovascular system.

Early in the 1970s Harada and Yano [20] found that CA (1—
10 mg/kg) induces a fast decrease in arterial blood pressure
(BP) in anesthetized dogs and guinea pigs, with minor effects
on the electrocardiogram. The decrease in BP was attributed to
the peripheral vasodilating action of CA. In addition, it was
shown that single applications of CA (50-500 pg) to guinea
pig-isolated atria and perfused hearts increased contractile
force and spontaneous heart rate. However, these effects were
transient, and repeated applications led to inhibitory effects.
Arrhythmias were observed at the highest CA concentrations
used. The action of CA was further investigated by Harada and
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Saito [19], who showed that at high doses (up to 50 mg/kg), it
induced an increase in BP that was preceded by a transient fall.

Research on the effects of CA on the cardiovascular system
was revived by the finding that it activates the chemosensory
cation channel TRPA1 in nociceptive neurons, with high
specificity over other sensory transient receptor potential
(TRP) channels [6] and by a study proposing that activation
of this channel induces vasorelaxation due to a release of
calcitonin gene-related peptide (CGRP) from perivascular
nerve terminals [7]. Another mechanism by which CA may
cause vasodilation is via smooth muscle cell hyperpolarization
triggered by activation of endothelial TRPA1 channels located
at myoendothelial junction sites [12, 13, 35]. Importantly, CA
has been used to probe the role of TRPA1 in vasodilation and
axon reflex flare reaction in humans [30] and the vascular
function in mice [34]. However, the latter study showed that
genetic ablation of Trpal did not abolish the acute reflex
changes in blood pressure by systemic CA nor the relaxing
action of CA in mesenteric arteries (with or without
endothelium).

Interestingly, other studies also suggest for TRPA1-
independent actions of CA in the vasculature. For instance,
Yanaga et al. demonstrated a concentration-dependent
vasorelaxing action of CA on rat aortic rings pre-contracted
with prostaglandin F,, or KCI [40]. Although with low po-
tency, CA relaxed aortic rings in the absence of endothelial
function. Since CA (0.1-1 mM) significantly shifted the
[Ca®"]-contraction relationship, it was suggested that CA
could exert a direct inhibitory effect on contraction by
blocking Ca** channels. Furthermore, El-Bassossy et al. [14]
showed that CA protected from the hypertension associated
with diabetes in rats and suggested that the underlying mech-
anism could be related to a blockade of the increased Ca**
influx to the vascular cells that occurs in this pathology.
Finally, Xue et al. [39] demonstrated that CA relaxed rat aortic
rings pre-contracted with phenylephrine irrespective of the
presence of endothelium and with the same potency and
similar effective inhibitory concentration (ICsy, ~10 uM).
Pretreatment of endothelium-intact aortic rings with L-
NAME, ODQ (1H-[1,2,4]-oxadiazole-[4,3-a]-quinoxalin-1-
one), or prostaglandin I, did not affect CA-induced vasodila-
tation. This vasorelaxing effect of CA was maintained in
endothelium-denuded rings pre-incubated with K™ channel
blockers. However, the vasoconstriction induced by 60 mM
K" was significantly diminished by CA (~10 uM). The au-
thors concluded that the vasodilatory effect of CA was not
mediated by the nitric oxide/cyclic guanosine monophosphate
pathway nor by K channels and speculated that CA was most
probably affecting Ca®" influx through voltage-gated and
receptor-operated Ca®" channels.

This body of evidence and the dominant role of L-type
Ca*" (Cay1.2) channels in the control of the vascular tone and
blood pressure regulation [28, 41] and cardiac contraction [8]
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prompted us to study the effects of CA on the L-type Ca*"
currents (Ic,p). We first corroborated that CA affects the
cardiovascular function, inducing vasorelaxation of rat aortic
rings and exerting negative inotropic and chronotropic effects
in isolated mouse hearts. Subsequently, we found that CA
induces a concentration-dependent and reversible decrease
of I, in mouse ventricular cardiomyocytes and vascular
smooth muscle cells from mesenteric arteries.

Materials and methods

We used male Wistar rats (for aortic ring measurements), male
C57BL/6 mice (for Langendorff and VCM patch-clamp), and
blood pressure normal (BPN) mice (Jackson Laboratories,
Sacramento, USA) (for VSMC patch-clamp). All protocols
for animal use were approved by the Institutional Care and
Use Committee of the University of Valladolid and were in
accordance with the European Community guiding principles
in the care and use of animals (86/609/CEE, CE Off J
n8L358).

Rat aortic rings

Abdominal aortic rings were dissected from rats under pento-
barbital anesthesia. Care was taken to mechanically remove
the endothelium by gently rubbing the aorta. They were fixed
to a force transducer and placed in a bath chamber continu-
ously perfused (10 ml/min) with the same Tyrode solution
used for isolated hearts (pH="7.4, gassed with O,; T=35 °C)
and stabilized, under a load of 0.5 g, for 30 min before the
beginning of the experiment. Contraction was induced by
replacing NaCl by KCl (60 mM). Absence of endothelium
was assessed for all studied rings by acetylcholine (10 uM)
application of pre-contracted rings.

Langendorff mouse hearts

As previously described [15], hearts were removed under
pentobarbital anesthesia and mounted on a Langendorff
column perfused at constant flow (10 ml/min) with a
Tyrode solution of the following composition (in mM):
NaCl 140, KCl 2.5, MgCl, 0.5, CaCl, 2, Tris-
hydroxymethylaminomethane 10, and glucose 5 (pH=7.4,
gassed with O,; T=35 °C). A bipolar platinum electrode
was placed on the right ventricular epicardium, and the surface
electrocardiogram (ECG) was recorded. Another bipolar plat-
inum electrode was placed near the atrioventricular ring and
was connected to an SEN-7103 electronic stimulator (Nihon
Kohden, Tokyo, Japan). The cardiac apex was fixed to a force-
displacement transducer to record the force of contraction
(FC). ECG and FC values were recorded at the spontaneous
heart rate and at a fixed stimulus rate (400 bpm). Hearts were
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let to stabilize for at least 30 min before beginning the
experiments.

Isolation of ventricular cardiomyocytes

Male adult mice were anesthetized with pentobarbital (i.p.,
0.03 mg/g body weight), and the hearts were quickly removed
and placed in cold Ca*"-free Tyrode solution. Ventricular
cardiomyocytes were isolated following a procedure previ-
ously described [5]. Hearts were quickly removed and placed
in cold Ca*"-free Tyrode solution containing (in mM): NaCl
117, KCl 4, KH,PO, 1.5, NaHCO; 4.4, MgCl, 1.7, HEPES
10, glucose 10, and pH 7.4. After careful dissection, hearts
were mounted on a Langendorff column and washed for
~2 min with Tyrode solution containing 0.23 mM EGTA at
35 °C. Hearts were then perfused with Tyrode containing
~100 uM Ca”" and collagenase CLS2 (Worthington, Lake-
wood, USA) and re-circulated for 7-10 min. After this period,
the tissue was cut into small pieces and gently agitated for 2—
3 min in fresh enzyme solution but supplemented with
300 uM Ca*' and 1 mg/ml bovine serum albumin (BSA;
Sigma-Aldrich, Bornem, Belgium). The solution was then
filtered through a nylon mesh (250 pum) and centrifuged at
200 rpm for 2 min. The resulting pellet was washed with a
Tyrode solution without enzymes containing 0.5 mM Ca”*"
and BSA. The solution was left for decantation for 5-10 min,
and the pellet was again washed with a Tyrode solution
containing 1 mM Ca>" and BSA. Myocytes thus obtained
were kept at room temperature (21-23 °C) and used for
experiments within 68 h.

VSMC isolation

Mice were anesthetized with CO, and then euthanized. Vas-
cular smooth muscle cells (VSMC) were isolated according to
a method previously described [29]. Mesenteric arteries were
carefully dissected and cleaned of connective and endothelial
tissues. Small pieces of mesenteric arteries were placed in a
Ca*"-free dissociation solution (SMDS) containing (in mM):
NaCl 145, KCl1 4.2, MgCl, 1.2, KH,PO, 0.6, HEPES 10,
glucose 11, pH 7.4 (with NaOH), which was supplemented
with 0.8 mg/ml papain (Worthington), 1 mg/ml BSA, and
1 mg/ml dithiothreitol (Sigma-Aldrich). These preparations
were incubated at 37 °C for 10-12 min in a shaking water
bath. After four or five washings in SMDS-10 uM Ca**, a
second 10—12 min incubation was performed with SMDS
containing 10 uM Ca®", 0.56 mg/ml collagenase F (Sigma-
Aldrich), and 1 mg/ml BSA. Single cells were obtained by
gentle trituration using a large-bore glass pipette stored in
SMDS solution at 4 °C and used within the same day. Isolated
VSMC were distinguished from other cells by their character-
istic elongated shape. Only cells with a smooth birefringent
membrane were used for recordings. VSMC were also

characterized by immunocytochemistry using selective
markers such as SM-alpha-actin and calponin (data not
shown).

Patch-clamp recordings

Currents through the L-type Ca** channels were recorded at
room temperature (21-23 °C) using the whole-cell configura-
tion of the patch-clamp technique [18]. Ventricular
cardiomyocytes (VCM) or VSMCs were placed directly in
the recording chamber and let to settle for a few minutes
before starting superfusion with the external solution. The
composition of the extracellular solution for VCM was (in
mM): NaCl 117, CsCl 20, CaCl, 2, MgCl, 1.8, HEPES 10,
glucose 10, and pH 7.4. For VSMC, the extracellular solution
contained NaCl 140, KC1 2.7, BaCl, 10, HEPES 10, glucose
10, and pH 7.4. The composition of the intracellular solution
for VCM was (in mM): CsClI 130, MgCl, 2, CaCl, 4.7, EGTA
11, HEPES 10, Na,ATP 5, Na,GTP 0.4, Na,-creatine phos-
phate 5, and pH 7.2 (free intracellular Ca** ~108 nM). For
VSMC, the intracellular solution contained CsClI 130, MgCl,
2, HEPES 10, EGTA 10, Na,ATP 4, and pH 7.2. Pipette
resistances ranged from 1 to 1.2 M) for VCM and from 7 to
10 MS2 for VSMC.

Whole-cell currents in VCM were recorded using an RK-
300 patch-clamp amplifier (Biologic). Currents were filtered
at 3 KHz and were digitized at 20 KHz using a Labmaster
DMA TL-1-125 (Mentor, Ohio, USA) and the ACQUISI
software (CNRS License, France). In VSMC, currents were
recorded using an Axopatch 200 patch-clamp amplifier (Mo-
lecular Devices, Sunnyvale, USA). Currents were filtered at
2 KHz and were digitized at 10 KHz using a Digidata
1322A driven by pClamp 10.2 software (Molecular De-
vices). L-type currents were routinely monitored at 0 mV
using 300 ms (VCM) or 250 ms (VSMC) pulses from a
holding potential (HP) of —80 mV. In VCM, a 50-ms
prepulse to —40 mV was used to inactivate the fast Na"
current. In spite of the fact that we have detected the
expression of Cay3.1 and Cay3.2 mRNA in mesenteric
VSMC (data not shown), we could never detect functional
T-type Ca”>" currents in our cells using either kinetic or
pharmacological analyses: We did not detect differences in
the voltage-dependent Ca®" currents (VDCC) elicited from a
holding potential of =50 or —80 mV; the tail currents could
always be fitted to a mono-exponential function and nifed-
ipine (1 uM) blocked all the VDCC in our cells [38]. Ca**
currents were measured as the difference between peak
inward current and the current level at the end of the
voltage-clamp pulse. Ba®>* currents were measured as the
difference between peak current and the current recorded
in the presence of Ca’>’ at the end of the voltage-clamp
pulse. Current-to-voltage (I-V) and availability curves were
constructed using standard voltage-clamp protocols.
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Potentials for half-maximal availability (V(5) and the slope
factors (s) were obtained after fitting the experimental data
with Boltzmann functions. Data analyses were performed
with the softwares Clampfit (Molecular Devices),
ACQUISI1, and Origin 7.5 (OriginLab Corporation,
Northhaptom, USA). Results were analyzed using a Stu-
dent’s ¢ test for paired or unpaired samples as required.
Differences were considered statistically significant when
p<0.05. Results are expressed as mean+standard error of
the mean.

Results
Effects of CA on rat aorta and on isolated mouse heart

Here, we confirmed previous studies [39, 40] showing that
CA relaxes endothelium-deprived rat aortic rings pre-
contracted by KCI. In our experimental conditions, this oc-
curred in a concentration-dependent manner (Fig. 1a, b) with
an ICsq of 334+30 uM and a Hill number of 1.4+0.1. The
maximal inhibition of aortic contraction (100 %) was attained
at 3 mM.

Fig.1 Effects of CA on rat aortic a
rings and isolated mouse hearts. a
Example of the vasorelaxing
effect of CA at different
concentrations in a rat aortic ring
pre-contracted with 60 mM KCl.
b Concentration-dependent
vasorelaxing effect of CA (n>4).
The solid line represents the fit
with a Hill function. ¢
Concentration-dependent
negative inotropic effect of CA on
isolated paced mice hearts (n>5).
d Effect of CA on the RR interval.
The asterisks denote statistically

Force (g)

KCI 60 mM 0-

As mentioned above, CA has been shown to have complex
effects on isolated guinea pig cardiac preparations [20]. We
found that CA exerts a modest but concentration-dependent
negative inotropic effect in isolated mouse hearts. In paced
hearts, a maximal decrease in contraction force of ~35 % was
attained at the highest concentrations used at 1 and 3 mM
(Fig. 1¢). CA did not significantly affect the QRS duration and
amplitude or the corrected QT interval (QTc) in spontaneously
beating hearts at any of the studied concentrations. However,
the RR interval showed a tendency to increase with CA
concentration attaining significantly greater values at 1 and
3 mM (Fig. 1d; p<0.05). These findings prompted us to test
the effects of CA on L-type Ca”’" channels in mouse
cardiomyocytes and vascular smooth muscle cells.

Effects of CA on L-type Ca®" current in VCM

In control condition, the mean I, density (2 mM Ca®" as
charge carrier) at +10 mV in VCM was 6.9+0.6pF/pF (Cm=
2009 pF; n=33). The inactivation phase of the currents was
fitted by two exponentials yielding 9.4+0.8 and 63.5+4.0 ms
for the fast (7f.) and slow (7g0w) cOomponents, respectively.
Extracellular perfusion with CA resulted in a pulse to pulse
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decrease of I,y that reached a steady state in ~1 min (Fig. 2a).
The effects of CA were concentration-dependent, but reached
a plateau at concentrations beyond ~1 uM (Fig. 2b, c). These
effects were characterized by an IC5q of 0.07+0.02 uM, a Hill
coefficient of 0.7+0.1 and a maximal inhibition of 70+2 %
(Fig. 2¢). CA caused a concentration-dependent decrease of
the rate of I,; inactivation. This effect was characterized by a
significant increase of both 7, and 7y, at concentrations of
3 uM or higher (Fig. 2d, e).

The action of CA on I¢,. in VCM was barely voltage-
dependent. There was no significant shift in the I-V curve
even at the highest CA concentrations used (Fig. 3a, b). The
potential for half-maximal availability (V, s) was only signif-
icantly shifted from —25.0+1.2 mV to —30.0+0.5 mV at
30 uM (p<0.05; Fig. 3c). Higher concentrations of CA re-
sulted in similar changes in V) 5. No changes were observed in

the slope factor or on the I, availability at positive prepulse
potentials.

Effects of CA on L-type Ca>" current in VSMC

Due to the low Ic,. density at normal extracellular Ca**
concentrations (2 mM) in VSMC, we used 10 mM Ba®" as
a charge carrier. Ig,; was routinely monitored at 0 mV with
50-ms voltage-clamp pulses applied from a holding poten-
tial (HP) of =80 mV. Under these conditions, control I,
density was 3.5+0.4 pA/pF (Cm=17.7£1.4 pF, N=15). CA
exerted a minor effect on Ig, at 10 and 100 uM. However,
at higher concentrations, CA induced a pulse to pulse
decrease of Ig, that reached a steady state in 1.5 to
2 min (Fig. 4a). This effect was reversible when taking
into account the normal rundown of the L-type current in

a o 1 2 3 4 5 6 b 0 2 4 6 8 10 C 400
0 1 1 1 1 1 i 1 O 1 1 1 A 1 i 1 2 -
- (min) (min)
1/ —200pa CA1pyM  CA10uM ~ 804
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8 CA 0.1 uM 0
1E-30.01 01 1 10 100 1000

Control
—CA10uM

250 pA

50 ms

Fig. 2 Effects of CA on the L-type Ca”" current in mouse ventricular
cardiomyocytes. a, b Examples of the effects of extracellular application
of CA at concentrations of 0.1, 1, and 10 uM on L-type Ca>" currents
recorded at +10 mV. The insets show the current traces corresponding to
the time points indicated by the labels a, b, ¢, and d. Note that CA does
not cause more inhibition at a concentration of 10 uM than at 1 uM. ¢
Concentration-dependent decrease of Ic,; amplitude by CA in VCM (n>
5). The solid line corresponds to the fit by a Hill function. d Lefi:

] *
120 4 ' '
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/
e

g

40k *
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Control
o Contro
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10 100

superposition of current traces recorded in control and during application
of 10 uM CA. Right: normalized current traces demonstrating that CA
slows down channel inactivation. The solid lines represent the fit of the
inactivation phase of the current with a double-exponential function with
fast and slow components. e Concentration-dependent effects of CA on
the time constants of fast (7g,) and slow (74 ) inactivation of I, . The
asterisks denote statistically significant effects of CA (p<0.05) with
respect to Trg and 7oy Obtained in control condition
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Fig. 3 Effects of CA on the a
voltage dependence of activation

and inactivation of L-type Ca*"

currents in mouse ventricular

cardiomyocytes. a Representative

current traces recorded in the

voltage range from —20 to +

10 mV in control and in the

presence of 10 uM CA. b b
Concentration-dependent effect -40
of CA on the current-voltage (I-

V) relationship of I, . Note that

CA produced no shift on the I-V

curve. ¢ Availability curves of

Icar, obtained in control and the

presence of CA at various

concentrations (same legend as is

panel b). VCM were clamped at a

HP of =80 mV and a double-pulse

voltage-clamp protocol was

applied at a frequency of

0.125 Hz. A fixed 300-ms test

pulse to +10 mV was preceded by

300-ms prepulses applied from

=50 to +70 mV. A short 5-ms gap

at the HP separated pre- and test

pulses. I, at each test pulse was

normalized to maximal I,; and C
plotted against the prepulse 1.04-
potential. The insets show current

traces recorded after prepulse

potentials between —50 and 0.8+
—10 mV in control and in the

presence of 10 uM CA

Availability

0.2 4

0.0

Control

50 ms

-20 0 20 4.0 Voltage (mV)

CA (uM)
:'\ /i —u— 0
™ 1 / —eo— 0.01
o —A— 0.1
g o —v— 03
% "\ ~ —e— 10
5 —a— 30
S 8-
Control CA 10 uM
| 200 pA
50 ms

this preparation. The concentration-effect curve for the
inhibitory action of CA on Ig,; was fit with a Hill
function characterized by an ICsy of 0.81+£0.02 mM, a
Hill number of 2.24+0.13, and a maximal inhibition of
100 % (Fig. 4b).

To study the effects of CA on the inactivation kinetics of
IgaL, we applied 500-ms pulses to 0 mV (HP=—80 mV)
every 30 s. The decrease in Ig,; by CA was accompanied
by an acceleration of its inactivation kinetics (Fig. 4c, d).
As observed in VCM, CA did not cause significant chang-
es in the shape of the I-V curves recorded in VSMC
(Fig. 5a, b). In contrast, at 1 mM concentration, CA sig-
nificantly shifted the potential for half-maximal availability
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-40 -20 0 20 40 60

Prepulse potential (mV)

(Vo5) from a control value of —21.8+4.5 mV to —40.6+
34 mV (p<0.05; Fig. 5c). All the effects of CA on the
biophysical properties of Ig, were readily reversed upon
washout.

The action of CA on L-type currents is affected by the charge
carrier

The effects of CA on the L-type currents in both VCM and
VSMC were significantly different. First, CA was less potent
and effective in decreasing I, in VSMC than I, in VCM,
and second, CA accelerated I, inactivation in VSMC and
slowed down inactivation in VCM. Since Cay 1.2 channel is
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Fig. 4 Effects of CA on the L-type Ba®>" current in vascular smooth
muscle cells. a Example of the effects of extracellular application of CA at
concentrations of 0.1, 1, and 3 mM on L-type Ba®* currents recorded at
0 mV. Note that CA effect was largely reversible. The current traces
shown in the inset correspond to control condition (labels a and ¢) and
two concentrations of CA (labels b, 1 mM, and d, 3 mM). b Concentra-
tion-dependent decrease of Ig, amplitude by CA in VSMC (1n>5). The
solid line corresponds to the fit by a Hill function. ¢ Time course of the
effect of 1 mM CA on current density and time for 50 % inactivation

similarly expressed in both VSMC and VCM, a possible
reason for the different effects could be the permeant cation
used in each cell preparation. We, thus, performed experi-
ments in VCM substituting Ba®* for Ca®" as charge carrier.
The results show that CA reversibly inhibited Iz, in a pulse to
pulse manner (Fig. 6a), but with an 1Cso of 37.3£2.4 uM
(Fig 6b; ~3 orders of magnitude less potent than in Ca*"), a
Hill number of 1.4+0.1 and a maximal inhibition of 84+
1.5 %. Interestingly, CA decreased the inactivation time con-
stant of Iz, in a dose-dependent manner (Fig. 6¢), as shown
above for VSMC. These results suggest that not only the
potency of CA but also its effect on the inactivation time
course of the current through the Cay 1.2 channel depend on
the charge carrier.

(tbecay)- The upper inset shows current traces at the times indicated by the
labels a, b, and c. The bottom inset shows normalized current traces
demonstrating that CA accelerates channel inactivation. The solid lines
represent the fit of the inactivation phase of the current with a single-
(traces labeled with @ and ¢) or double-exponential function (trace labeled
with b). d Effects of 1 mM CA on fpecay Of Iga (7=5). The asterisk
denotes statistically significant difference (p<0.05) between the values
obtained in the presence of 1 mM CA and those obtained in control
condition and after washout

Discussion

As early as 1975, Harada and Yano suggested that part of the
beneficial effects of cinnamon in traditional medicine could be
related to a peripheral vasodilating action [20]. They indeed
showed that CA decreases arterial blood pressure by inducing
peripheral vasodilation, but no mechanisms could be proposed
at that time. The identification of TRPA1 as a very sensitive
target of cinnamaldehyde in nociceptive neurons [6] raised
the possibility of a nerve-evoked vasodilation mechanism
involving TRPA1 activation. Indeed, Bautista et al. [7] pro-
posed that activation of TRPAI channels in sensory nerve
endings causes Ca®" influx and release of CGRP, which binds
to its G protein-coupled receptor on the plasma membrane of
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Fig. 5 Effects of CA on the a
voltage-dependence of activation -
and inactivation of L-type Ba*"

currents in mouse vascular

smooth muscle cells. a

Representative effects of 1 mM

CA on I, traces recorded in the

voltage range from —40 to +

10 mV. b Effect of | mM CA on b
current-to-voltage (I-V)

relationship of I, . Note that CA

produced no shift on the I-V

curve. ¢ Availability curves of

I, obtained in control and the

presence of 1| mM CA. VSMC

were clamped at a HP of

—100 mV and a double-pulse

voltage-clamp protocol was

applied: a fixed 50-ms test pulse

to 0 mV was preceded by 500-ms

prepulses applied from —50 to +

20 mV. I, at each test pulse was

normalized to maximal Iz, and

plotted against prepulse potential.
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vascular smooth muscle cells to cause membrane hyperpolar-
ization and myocyte relaxation. The involvement of the
TRPA1/CGRP pathway in vasodilation was supported by
the results of Graepel et al. [16] and Kunkler et al. [24],
showing that TRPA1 activation by CA, 4-ONE, or allyl iso-
thiocyanate stimulated the release of CGRP and induce vaso-
dilation. In addition, activation of TRPA1 and the consequent
Ca”" influx in endothelial cells may lead to smooth muscle
cell relaxation and vasodilation [12, 13, 35]. Interestingly,
Pozsgai et al. found that CA can dilate pre-contracted mouse
mesenteric artery rings in an endothelium-independent man-
ner, but genetic ablation of Trpal failed to fully abrogate CA
effects [34]. These results indicate that CA action on the
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vasculature is more complex and involves component(s) in-
dependent from the TRPA1 pathway.

Previous studies of El-Bassossy et al. [14, 40] had sug-
gested the possibility of an inhibitory action on Ca®" influx.
This idea was supported by Xue et al. [39] who showed that
CA exerted a vasodilatory action in rat aorta that was inde-
pendent of endothelium and proposed that CA could be
inhibiting Ca** influx and/or intracellular Ca*"-release mech-
anisms. Although it is difficult to compare ICsos due to
different preparations and different experimental approaches,
our results confirm the previous ones by showing that CA
relaxes endothelium-deprived rat aortic rings pre-contracted
with KCl in our case with an ICs, of ~330 uM. Without any
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Fig. 6 Effects of CA on the L-type Ba®" current in ventricular
cardiomyocytes. a Time course of the effect of 100 pM CA on Ig, in a
VCM. Recording performed in 2 mM extracellular Ba>*. The upper inset
on the right shows current traces at the corresponding times (labels a, b,
and c). The lower inset on the right shows normalized current traces
demonstrating that CA accelerates channel inactivation. The solid lines
represent the fit of the inactivation phase of the currents with single
exponential functions. b Concentration-dependent decrease of Ig,p

1000

direct evidence of TRPA1-functional expression in smooth
muscle cells [12], a direct action of CA on Ca®" influx (or
intracellular Ca®*-release mechanisms) seems to be the most
plausible explanation.

Here, we show for the first time that CA inhibits I, in both
cardiac and vascular smooth muscle cells. Inhibition of I, by
CA in VCM and VSMC was concentration-dependent and was
achieved in a pulse to pulse manner, an action which is similar
to that of the classic phenylalkylamine Ca** channel blocker
verapamil [37]. However, differences in current inhibition
were observed between VCM and VSMC. First, although
CA was concentration-dependent in both cell types, its action
was very potent in VCM (with an ICsy of 0.07 uM and
maximal inhibition of ~70 %) in deep contrast with VSMC
in which the IC5y was ~0.8 mM but with a maximal inhibition
of ~100 %. Second, in VCM, the effect was mildly voltage-
dependent. Maximal hyperpolarizing shift of availability curve
was ~5 mV at 30 uM or higher concentrations. In VSMC, the
hyperpolarizing shift was ~20 mV (1 mM CA). Third, in

| 200pa

50 ms

100 %
754 T § i\; *
50_Control \§
25
04 Ay T ——rrrrr——r
10 100 1000
[CA] (uM)

amplitude by CA in VCM (n>4). The solid line corresponds to the fit
by a Hill function. ¢ Effect of different concentrations of CA on the
inactivation time constant of I, . Note that contrary to the findings with
Ca®" as charge carrier, CA decreases the inactivation time constant (n>4).
The asterisks denote statistically significant difference (p<0.05) between
the values obtained in the presence of 1 and 3 mM CA and that obtained
in control condition

VCM, the inhibition of I¢,;, was accompanied by an increase
in inactivation time constants with maximal increases (at
30 uM and over) for 7 and 7y, of about 10 and 50 ms,
but in VSMC, the time for 50 % inactivation was decreased by
about 20 ms by CA (1-3 mM). Since the Cay1.2 channel is
equally expressed in both VCM and VSMC, a plausible ex-
planation for these discrepancies could be the use of 10 mM
Ba®" as charge carrier in VSMC. It has been previously shown
that the permeant cation can influence block of high threshold
Ca”" channels. For instance, Carbone and Lux found that w-
conotoxin blockade could distinguish between Ca**- and Na*-
permeable states of neuronal Ca®" channels [9]. These authors
proposed that the two permeability states of the channels
correspond to conformations with different sensitivities to
blockers. This idea was also supported by the facts that the
effects of protons [33] and dihydropyridines [22] on the cardiac
L-type Ca>" channel are dependent on the permeant ion. We
tested whether the nature of the charge carrier could influence
CA effects by performing experiments in VCM using Ba®" as

@ Springer



2098

Pflugers Arch - Eur J Physiol (2014) 466:2089-2099

the permeant ion. We found that the inhibition was ~3 orders of
magnitude less potent and more effective than in the presence
of Ca®" and that CA increased the rate of inactivation of Igar,
thus resembling to the results obtained in VSCM.

However, at this point, we cannot discard the distinct
subunit composition of L-type Ca>" channels in VCM and
VSMC as alternative explanation for the differences CA ef-
fects. Cay1.2 is the pore-forming subunit in both cell types,
but it has been reported that alternative splicing occurs in
VSMC, resulting in different current kinetics [11]. Moreover,
the accessory subunit composition of L-type Ca®" channels in
VSMC is known to influence the current kinetics and the
response to channel modulators [38]. Future experiments
may help to determine whether CA effects are determined
by the different conduction and/or gating properties observed
in the presence of Ca®" and Ba®".

The inhibition of L-type Ca®" channels in VCM can readily
explain the negative inotropic effect, and part of the negative
chronotropic effect, we found in isolated mouse hearts. Inter-
estingly, CA was only modestly effective in reducing the
cardiac contractility, with a maximal inhibition of ~35 %. This
could be explained by the inability of CA to fully inhibit the L-
type Ca** current in VCM. On the other hand, we found that
CA induced complete arterial relaxation in agreement with
previous reports [34, 39, 40]. However, it remains difficult to
understand how some specific features of CA actions on L-
type Ca”" currents (potent but incomplete inhibition) and
TRPA1 channels (induction of dynamic changes in Ca®"
permeability [10, 21] and bimodal effect [4]) impact on the
function of intact arteries. Moreover, we cannot discard that
CA acts on other contractility regulators. Due to the lack of
pharmacokinetic studies on cinnamaldehyde in humans, it is
also not possible to precise at this point to what extent the
actions of CA on Cay1.2 and TRPA1 channels may contribute
to the reported effects of cinnamon on blood pressure.

On the other hand, our results do lead to the conclusion that
TRPA1 should not be considered as a specific target of CA in
the cardiovascular system (see also [26]). Moreover, they raise
the possibility that the inhibition of voltage-gated Ca”* chan-
nels influences the chemosensory properties of CA. These
elements have significant implications, considering the very
frequent use of this compound to probe the pathophysiological
roles of TRPA1 [32]. Finally, our findings underscore the
importance of testing the effects of TRP channel modulators
on the “classical,” but certainly still relevant, voltage-gated
ion channels [27].
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