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Nociceptors are a group of neurons with afferent (sensorial) and 
efferent (motor) functions related to pain. These nociceptors 

participate in the regulation of vascular tone, cardiac functions, immu-
nological processes and tisse growth, among other functions, in 
response to mechanical and thermal stimuli (1-4). Activation of noci-
ceptors induces the release of neuropeptides, such as substance P, 
neurokinin-A, the calcitonin gene-related peptide (CGRP), soma-
tostatin and others (3-5). CGRP is a cardiotonic agent dependent on 
nitric oxide (NO) production (5). NO is produced in almost all tissues 
and organs, exerting a variety of biological actions under both physi-
ological and pathological conditions (5).

NO mediates vascular relaxation by increasing the levels of cyclic 
GMP and cyclic AMP in smooth muscle cells. NO release can be 
stimulated by sarcolemmal hyperpolarization and increased Ca2+ 
permeability (6) with the consequent activation of the endothelial 
NO synthase (NOS)-3 (7-10). In addition, during hypertension in 
humans and in animal models of salt-sensitive hypertension, CGRP 
exhibits important vasodilator actions, decreasing blood pressure 
through interactions with NO (11-16). Release of neuropeptides from 
nociceptors is also caused by activation of a member of the transient 
receptor potential (TRP) receptors subfamily, known as the vanilloid 
type 1 receptor (VR1) or the TRPV1 receptor, which is present in 
nociceptors (17-19). The TRPV1 receptor has also been described 
in endothelial cells of human pulmonary and cerebral arteries (18). 
The presence of the TRPV1 receptor has been suggested in other 
vascular regions as well (20-22). The TRPV1 receptor is sensitive to 
capsaicin (8-methyl-vannillyl-6-noneamide) which is a neurotoxin 
obtained from plants of the genus Capsicum (chili pepper) that has 
been used as an analgesic in diverse pain-related pathologies. This 
alkaloid, as well as its antagonist capsazepine, have been used as tools 
to study the structure and function of the TRPV1 receptor, which 
is an integral membrane protein (23-25). The TRPV1 receptor is 
also activated by cannabinoid substances, such as anandamide and 
2-arachidonoyl-glycerol (26,27), which causes important vasodilator 
effects attributed to the actions of CGRP and NO (11-16,18,19).

The mechanisms modulating NO release in the endothelium are 
multifactorial. Shear stress generated by blood flow is well known to 
physiologically regulate NO release (28,29). Regulation of Ca2+ flux 
in the endothelium is mediated by at least one type of channel that 
is sensitive to mechanical stress, the stretch-activated ion channels 
(SACs) (30-32). SACs are functionally characterized; however, the 
molecular structure of SACs is not known. The TRPV1 receptor and 
SACs share functional characteristics including their sensitivity to 
mechanical stimuli and their selectivity to ions such as Na+, Ca2+ 
and K+ (24,30). SACs have been studied in the examination of Ca2+ 
currents in Xenopus cells, where it was found that the activity of this 
type of SAC can be blocked with the trivalent lanthanide gadolin-
ium (Gd3+), thereby inhibiting the generation of NO dependent on 
NOS-3 activation (33-35).

The role of the TRPV1 receptor and SACs in NO release in the 
heart or in the aorta has only been partially explored. We hypothesized 
that there are functional similarities between SACs and the TRPV1 
receptor. Therefore, we explored the functional similarities between 
the TRPV1 receptor and SACs on NO release in the heart, in the 
thoracic aorta (TA) and in endothelial cells in culture.

METHODS
Reagents
All reagents used in the present study were of analytical grade. 
Capsaicin, capsazepine, Gd3+, norepinephrine, acetylcholine, 
Nω-nitro-L-arginine methyl ester (L-NAME), human hemoglobin, 
dithionite, vanadium chloride (III), naphtylendiamine,  sulfanilamide 
phosphoric acid, ethanol, collagenase type IV, trypsin, bovine serum 
albumin, M199 medium and Sephadex G-25 were obtained from 
Sigma Chemical Co (USA). Fetal bovine serum was obtained from 
HyClone (USA). Deionized water was made with the Simplicity sys-
tem (Millipore SAS, France). Sodium pentobarbital was obtained 
from Pfizer Salud Animal, Pfizer México (Mexico). 

Capsaicin was administered at 10 µM and 30 µM, capsazepine at 
6 µM and 10 µM, Gd3+ at 3 µM and 5 µM, acetylcholine at cumulative 
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Shear stress stimulates nitric oxide (NO) release in endothelial cells. Stretch-
activated ion channels (SACs) and the transient receptor potential vanilloid 
type 1 (TRPV1) receptor respond to mechanical stimulus and are permeable 
to Na+, Ca2+ and K+. The influence of SACs and the TRPV1 receptor on 
NO release on the heart and on the vascular reactivity of the thoracic aorta 
(TA) was studied. Experiments were performed in isolated perfused heart, 
cultured endothelial cells and TA rings from Wistar rats. Capsaicin (10 µM, 
30 µM) was used as a NO release stimulator, capsazepine (6 µM, 10 µM) was 

used as a capsaicin antagonist and gadolinium (3 µM, 5 µM) was used as an 
inhibitor of SACs. NO was measured by the Kelm and Tenorio methods. Left 
ventricular pressure was recorded and coronary vascular resistance was calcu-
lated. Capsaicin increased NO release in the heart by 58% (395±8 pmol/mL to 
627±23 pmol/mL). Capsazepine and gadolinium inhibited NO release by 
74% and 82%, respectively. This tendency was similar in all experimental 
models. Capsaicin attenuated the effects of norepinephrine (10 M to 7 M) on 
TA and had no effect in the presence of Nω-nitro-L-arginine methyl ester. 
Therefore, the authors conclude that SACs and the TRPV1 receptor are both 
present in the coronary endothelium and that both participate in Ca2+-
dependent NO release.
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doses of 2×10−9 M to 2×10−5 M, L-NAME at 300 µM and norepi-
nephrine at cumulative doses of 2×10−9 M to 2×10−5 M. All drugs 
were administered to isolated hearts through continuous infusion 
(0.01 mL/min). For the TA rings and the endothelial cells in culture, 
drugs were administered through incubation. Sodium pentobarbital 
was administered at a surgical dose of 63 mg/kg. 

Animals
Male Wistar rats, weighing 300 g to 350 g, were obtained from the 
animal facilities of the Instituto Nacional de Cardiología “Ignacio 
Chávez” (México, México). Rats were housed under standard tem-
perature and light conditions (12 h light, 12 h dark) with a standard 
diet (LabDiet 5012, PMI Nutrition International, USA) and water 
ad libitum. All animals were handled according to the National 
Regulation for the Care and Handling of Experimental Animals 
(SAGARPA, NOM-062-ZOO-1999, Mexico) and the protocol was 
approved by the institutional Ethics Committee. All efforts were 
made throughout the entire experimental period to reduce the 
suffering of the animals to a minimum.  

Isolated heart preparation according to Langendorff’s method
Rats were anesthetized with sodium pentobarbital. The heart was 
rapidly extracted and connected through the ascending aorta to a can-
nula attached to a nonrecirculating perfusion system. Krebs solution 
(KS) (7) was used as perfusant, maintained at 37±0.2 °C and a pH 
of 7.4±0.1, saturated with a mixture of 5% CO2 and 95% O2 (Aga, 
Mexico), during the entire experimental procedure. After cannula-
tion, the heart was perfused for 30 min as an adaptation period. A 
latex balloon connected to a pressure transducer (SR25, Stalham Inc, 
Puerto Rico) was inserted into the left ventricle cavity and the max-
imal velocity of the left ventricular pressure (LVP, dp/dtmax) and the 
perfusion pressure (PP) were monitored and recorded on a computer 
system (Grass Instruments Co, USA). Coronary vascular resistance 
(CVR) was calculated from the PP data and the perfusion rate (PR) 
(CVR = PP/PR) (36). Heart rate was stabilized at 1 Hz by stimulating 
with a ventricular epicardial pacemaker (S5, Grass Instruments Co, 
USA) (37). The effect and potency of the drugs were measured follow-
ing a study of gradual and sustained dose-response curves. 

Experimental protocol
A group of 10 hearts was perfused at 10 mL/min (the approximate vel-
ocity of normal blood flow in the rat) (36), which resulted in an aver-
age of 50 mmHg of PP. Another group of 10 hearts was perfused at 
5 mL/min, 10 mL/min, 15 mL/min, 20 mL/min, and 25 mL/min by 
means of a peristaltic pump (MasterFlex, Cole Palmer Instruments, 
USA) with the aim of increasing the shear stress on the coronary endo-
thelium. Each heart served as its own control; hence, after a response 
curve to different flows in the absence of drugs, tests with 10  µM cap-
saicin, 6 µM capsazepine and 3 µM Gd3+ were performed. These sub-
stances were added to the perfusion solution at a rate of 0.01 mL/min 
using a continuous infusion pump (Hamilton Company, USA) via the 
cannula connected to the ascending aorta. 

Culture of endothelial cells
Endothelial cells were obtained from coronary arteries of the rats as 
reported by Kan et al (38). Using Langendorff’s method, the heart was 
isolated and perfused with KS for 15 min. Thereafter, KS was substi-
tuted by a Ca2+-free KS solution at a pH of 7.2 to 7.4 until the mech-
anical activity of the heart ceased. Subsequently, a 15% collagenase 
solution in KS was used to perfuse the coronary arteries and to remove 
the endothelial layer. The vascular space was kept in contact with 
trypsin (0.25%) for 10 min. The heart was then perfused with 40 mL 
of KS. Cells were isolated from the perfusate by centrifugation and 
were subsequently resuspended in 10 mL of M199 medium enriched 
with 20% fetal bovine serum and plated onto tissue culture plates. 
Experiments were performed in the absence and presence of capsaicin 
(10 µM), capsazepine (6 µM), L-NAME (300 nM) and Gd3+ (5 µM).

Vascular reactivity in TA rings 
Immediately after extracting the heart, the TA was removed and 
2 mm TA rings, free of connective and fat tissue, with intact endo-
thelium were obtained. TA rings were maintained in cold (2oC to 
4oC) KS for 10 min. Subsequently, each ring was placed into a 5 mL 
isolated tissue chamber, fixed to the supports of a G-SRW46 (Grass 
Instruments Co, USA) tension transducer that was connected to a 
Grass 79 D polygraph (Grass Instruments Co, USA). TA rings were 
kept immersed in KS containing (mM): 118 NaCl, 6 KCl, 1.2 MgSO4, 
1.2 KH2PO4, 25 NaHCO3, 1.6 CaCl2 and 11 D-glucose, at 37°C and 
pH 7.4, equilibrated with the 5% CO2 and 95% O2 mixture. Basal 
tension was 2 g and, after 1 h of adaptation, the TA rings were con-
tracted using 2×10−7 M norepinephrine. Following this, acetylcholine 
was cumulatively added from 2×10−9 M to 2×10−5 M. The study was 
repeated varying the norepinephrine concentrations in each case 
from 2×10−9 M to 2×10−5 M.

To test the effects of NOS inhibition, aortic ring preparations were 
incubated for 10 min with L-NAME (300 µM). Subsequently, norepi-
nephrine (2×10−7 M) was added and the maximal contraction was 
recorded. Relaxation of the TA rings was induced with cumulative 
concentrations of acetylcholine (range 2×10−9 M to 2×10−5 M).

Experiments were performed in the absence and presence of capsaicin 
(10 µM), capsazepine (6 µM), L-NAME (300 nM) and Gd3+ (5 µM).

Quantification of NO release in isolated hearts 
NO release was measured in the perfusate by the modified Kelm and 
Schrader technique (39) under ultraviolet/visual spectrometry using 
an extinction coefficient of 411 nm to 401 nm at ambient temper-
ature. The respective measurements were performed using a double-
beam spectrometer (DW2000, SLM-Aminco, USA).

Quantification of NO in the culture medium of endothelial cells 
NO was quantified in the cell culture medium as described by Tenorio 
et al (40), by the reduction of NO with vanadium (III) under ultra-
violet/visual spectrometry using the extinction coefficient of 572 nm 
to 587 nm at ambient temperature. The respective measurements were 
performed with a double-beam spectrometer. 

Expression of NOS-2 and NOS-3 in heart 
To verify that capsaicin stimulates the release of NO, one group of 
10 rats was treated with a daily intraperitoneal dose of capsaicin (5 mg/kg) 
during the four days before sampling until completing a final dose of 
20 mg/kg (6) The cardiac tissue was prepared for the extraction of 
NOS and the protein concentration was determined using the method 
of Bradford (41). The tissue lysate was separated by electrophoresis on 
a 10% sodium dodecyl sulphate polyacrylamide gel (BioRad, USA) 
(42).

Statistical analysis
Results are expressed as mean ± SEM. Comparisons between means 
were analyzed by Student’s t tests or one-way ANOVAs followed by  
Bonferroni t tests, as appropriate. Differences were considered to be 
statistically significant at P<0.05 (43).

RESULTS
NO release from heart perfused at 10 mL/min
In the absence of drugs, NO released from hearts perfused at 10 mL/min 
was 395.12±8.25 pmol/mL, which decreased to 53.02±28.11 pmol/mL with 
the addition of Gd3+, and to 112.21±29.15 pmol/mL with capsazepine 
(Figure 1). In the presence of capsaicin, NO release increased to 
627.52±23.35 pmol/mL (58%). This effect of capsaicin was reduced by 
capsazepine to 165.28±23.71 pmol/mL (26%) and by Gd3+ to 
116.17±30.64 pmol/mL (13%).

NO release from hearts perfused at different rates
Figure 2 shows the results of NO release from hearts subjected to varia-
tions in the PR in the absence or presence of different drugs. Under 
control conditions, the increase in NO release was dependent on the 
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PR, and was increased by the action of capsaicin. This effect was 
blocked by capsazepine and, to a greater extent, by Gd3+. In the 
absence of drugs, the CVR remained constant (30×107 dyn∙s∙cm−5) 
even with the changes in pressure generated by the increase in the PR 
and NO release (Figure 3). Capsaicin, in this case, did not significantly 
alter the resistance. In contrast, capsazepine and Gd3+ promoted a 
constrictive effect at low flow rates, which reverted toward basal val-
ues with each increment in the PR.

Another parameter of cardiac function that was studied was the 
LVP (Figure 4), which, under control conditions, increased with 
increasing PR, an effect that was inhibited by capsaicin; this effect was 
accentuated by the action of capsazepine and Gd3+.

Coronary endothelial cells
Results for NO release in endothelial cells isolated from the coron-
ary arteries are shown in Figure 5. The amount of NO released to the 
culture medium was 30.17 pmol/mL (n=3) in the absence of drugs. 
Acetylcholine (3 µM) was added to explore the functionality of the 
endothelial cells, and increased NO release to 130.26 pmol/mL, 433% 
higher than control levels. In contrast, Gd3+ (3 µM) reduced NO 
release to 20.36 pmol/mL. Capsaicin (10 µM) increased NO release 
to 80.30 pmol/mL. However, capsazepine (6 µM) did not change the 
control levels of NO release (34.09 pmol/mL). In the presence of Gd3+ 
(3 µM), acetylcholine (3 µM)-induced NO release was substantially 
reduced to 30.36 pmol/mL. Capsazepine (6 µM) blocked the effect of 
capsaicin (10 µM). In the presence of acetylcholine (3 µM) and capsai-
cin (10 µM), NO release was increased to 209.83 pmol/mL. The addi-
tion of capsazepine (6 µM) to acetylcholine (3 µM) had an antagonistic 
effect, which reduced NO release to 30.22 pmol/mL.

Vascular reactivity
Measurements of vascular tone from the TA rings are shown in 
Figure 6. Vascular tone due to norepinephrine was not significantly 
modified by incubating with capsazepine (6 µM), Gd3+ (3 µM) or 
L-NAME (300 µM). The vascular tone was lower (46%) when incu-
bating with capsaicin (10 µM), and this effect was blocked when cap-
sazepine was added to the incubation medium. Similar results were 
observed when L-NAME was added.

Figure 1) Effect of capsaicin, capsazepine and gadolinium on nitric oxide 
(NO) release in isolated rat hearts. Values represent mean ± SD; n=10. 
*P<0.05 by one-way ANOVA followed by Student’s t test

Figure 2) Effect of capsaicin, capsaicin+capsazepine and capsaicin+gadolinium 
on nitric oxide (NO) release in isolated rat hearts at different perfusion rates. 
Values represent mean ± SD; n=10. *P<0.05 by Student’s t test; †P<0.05 
by one-way ANOVA followed by Student’s t test

Figure 3) Effect of capsaicin, capsaicin+capsazepine and capsaicin+gadolinium 
on coronary vascular resistance in isolated rat hearts. Values represent 
mean ± SD; n=10. *P<0.05, one-way ANOVA followed by Student’s t test

Figure 4) Effect of capsaicin, capsaicin+capsazepine and capsaicin+gadolinium 
on left ventricular pressure in isolated rat hearts. Values represent mean ± SD; 
n=10. *P<0.05, one-way ANOVA followed by Student’s t test

Figure 5) Nitric oxide release from cultured endothelial cells of rat coronary 
arteries after incubation with acetylcholine, gadolinium, capsaicin or 
capsazepine
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Western blot
NOS-3 expression in heart tissue was substantially increased by the 
action of capsaicin and, to a lesser extent, was also stimulated by cap-
sazepine, compared with control (Figure 7). NOS-2 protein expression 
was unchanged in the presence of capsaicin, while capsazepine caused 
an increased expression of the enzyme.

DISCUSSION
The present study demonstrated that the TRPV1 receptor and SACs 
respond similarly to the mechanical stimuli generated by shear stress, 
increasing NO release in both the isolated heart and endothelial cells. 
There may be functional similarities between SACs and the TRPV1 
receptor and it is possible that they result from structural similarity (44).

The inhibitory effect of Gd3+ on NO release in the heart due 
to physical stress generated by flow is attributed to the blocking of 
SACs (31), which prevents the increase in intracellular Ca2+ (31,32). 
Capsaicin induced a significant increase in NO release, which was 
inhibited similarly by Gd3+ and capsazepine. These results suggest 
that the inhibitory effect of capsazepine is also due to a decrease in 
intracellular Ca2+ concentrations in endothelial cells. It is possible 
that these effects are due to the presence of the TRPV1 receptor in the 
endothelial cells of coronary arteries. The TRPV1 receptor in endo-
thelial cells may play an important role in the regulation of intracellu-
lar Ca2+ concentration, because NO generated by capsaicin’s action 
was also inhibited by Gd3+. To our knowledge, this finding has not 
been reported previously. It is possible that both effects are dependent 
on changes in Ca2+ kinetics or concentration (31,35).

The endothelial response to shear stress resulted in increased 
NO release when the PR was incrementally increased in isolated 
hearts. Compared with the control curve, capsaicin potentiated NO 
release. However, a saturation of the response system was observed 
at a PR of 25 mL/min, most likely due to the increase in perfusion 
flow producing mechanical deformations that generated a limit 
to the resistance of the coronary arteries, counteracting the endo-
thelial response. Control and capsaicin-induced NO release were 
significantly inhibited by the antagonist capsazepine and by Gd3+, 
which allows us to infer that, due to the lack of Ca2+ to interact with 
NOS-3, NO production was decreased. Alterations in NO release 
produced by the drugs used and by the changes in PR were reflected 
in the CVR. Under control conditions, the level of resistance was 
not modified by increases in the PR, which confirms the participa-
tion of a self-regulating vascular tone system in the heart, with the 
participation of compensatory substances such as prostaglandins and 
prostacyclins (38).

On the other hand, the decrease in intracellular Ca2+ in the cor-
onary endothelium due to the blocking of SACs by Gd3+was similar 
to the effect of the capsaicin antagonist capsazepine, which induced a 
constricting effect demonstrated by the initial increase in CVR. This 
constricting effect was decreased as the PR was increased. It is possible 
that this initial effect of Gd3+ occurred because of the decrease in 
NO release, which in turn stimulated the release of constricting sub-
stances such as endothelin-1 and constricting prostaglandins (4,45). 
Therefore, to counteract these adverse conditions, the endothelium 
releases vasodilator substances such as NO and adenosine (4). On the 
other hand, the LVP was decreased by the action of capsaicin, prob-
ably as a result of the increase in NO release. Capsazepine, as well 
as Gd3+, induce a negative ionotropic effect through a reduction in 
intracellular Ca2+ by blocking the TRPV1 receptor and SAC path-
ways. Furthermore, we also observed that capsaicin induced a negative 
inotropic effect, which was due to increased NO release (30).

NO release in cultured endothelial cells could be related to the 
action of capsaicin, as well as the antagonist action of capsazepine, 
which was exerted without the influence of nerves or tissues origin-
ating from outside of the endothelium, suggesting the presence of 
TRPV1 receptors in endothelial cells. Our results are similar to those 
recently published by Ching et al (44) while the present article was 
in revision. 

Using an aortic ring model, we studied the effects of various drugs 
on vascular reactivity. We showed that the contractile response of 
the TA rings, precontracted with norepinephrine (2×10−7 M), was 
decreased in the presence of capsaicin; this decrement was blocked 
by the antagonistic effect of capsazepine and by NOS inhibition with 
L-NAME (25). These results suggest that the relaxing effect of cap-
saicin depends on NOS activation. This was confirmed in this model 
by results obtained by incubating TA rings with Gd3+. NOS-2 and 
NOS-3 expression in ventricular tissue in control conditions and after 
four days of capsaicin treatment demonstrates that the NO release sys-
tem is stimulated by TRPV1 receptor activation. Our results show that 
activation of the TRPV1 receptor by capsaicin significantly stimulated 
NOS-3 protein expression. 

Figure 6) Effect of capsaicin, capsazepine, Nω-nitro-L-arginine methyl 
ester (L-NAME) and gadolinium on the tone of thoracic aorta rings induced 
by 10-7 M norepinephrine. P<0.05, one-way ANOVA followed by 
Student’s t test; n=8

Figure 7) Expression of nitric oxide synthase (NOS)-3 and NOS-2 in 
cardiac tissue after four days of capsaicin and capsazepine treatment
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