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Abstract

Introduction: Erectile dysfunction (ED) is frequently encountered in patients with arterial
hypertension and there is a recent functional correlation between the expression of thermoreceptor
channels TRPM8 (melastatin 8) and alterations in blood pressure in hypertension. The aim of this
study was to investigate the function of cold-sensing TRPMS8 channel in internal pudendal artery
(IPA) in both normotensive and hypertensive rats.

Methods: We performed experiments integrating physiological, pharmacological, biochemical
and cellular techniques.

Results: TRPM8 channels are expressed in the IPA and in vascular smooth muscle cells from
IPA. In addition, TRPMS8 activation, by both a cooling compound icilin (82.1 £+ 3.0%, n = 6) and
cold temperature [thermal stimulus, basal tone (25°C, 41.2 + 3.4%, n = 5) or pre-contracted tone
induced by phenylephrine (25°C, 87.0 £ 3.6%, n = 7)], induced relaxation in IPA. Furthermore, the
results showed that the concentration-response curve to icilin was significantly shifted to the right
in different conditions, such as: the absence of the vascular endothelium, in the presence of L-
NAME (1074 M), or indomethacin (10> M) or by a combination of charybdotoxin (10~7 M) and
apamin (5 x 1076 M), and Y27632 (10~6 M). Interestingly, icilin-induced vasodilation was
significantly higher in IPA from spontaneously hypertensive (SHR, Eqgp 4= 75.3 + 1.7%)
compared to wistar rats (Eqgpm 4= 56.4 + 2.6%), despite no changes in the TRPM8 expression in
IPA between the strains, suggesting that the sensitivity of TRPM8 channels is higher in SHR.
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Conclusions: These data demonstrate for the first time, the expression and function of TRPM8
channels in the IPA involving, at least in part, endothelium-derived relaxing factors and ROCK
inhibition. Overall, this channel could potentially be a new target for the treatment of hypertension
associated-ED.
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1.

Introduction

Undoubtedly, cardiovascular diseases (CVD) are and will continue to be one of the major
health problems of modern society [1]. An equally valuable observation is the fact that
sexual dysfunction could indicate asymptomatic CVD. Consistent evidence has accumulated
in recent years indicating that sexual dysfunction is associated with CVD, with which it
shares major risk factors including hypertension, smoking, and diabetes. In many cases,
erectile dysfunction (ED) diagnosis predates symptomatic coronary artery disease or
cardiovascular events by years. Additionally, the severity of ED correlates with the severity
of CVD, and the presence of ED is an independent marker for increased risk in people with
existing CVD. Despite these facts, sexual dysfunction is commonly under-reported, under-
recognized and undertreated, yet it could indeed play a role in cardiovascular risk
assessment and stratification as well as early treatment [2].

The prevalence of hypertension and ED has grown steadily, and greater than 40% of men
with ED share a diagnosis of hypertension [3,4]. To treat patients with both diseases is a
clinical challenge due the fact both are correlated and share several risk factors such as
diabetes mellitus, obesity, limited or an absence of physical exercise, alcoholism, etc.
[3,5,6].

Important advances have occurred in recent years in understanding the pathophysiology of
ED resulting in the development of successful oral therapies. The inhibitors of
phosphodiesterase type 5 (PDE-5i) are a good example of this. However, the treatment of
ED in patients with a high cardiovascular risk profile, diabetes, or vascular endothelial
damage, demonstrate low clinical response to PDE-5i [7]. Based on this, additional
investigation should be performed to better understand the pathophysiology of ED, with aim
to discover new potential targets for treatment of hypertension-associated ED.

Transient Receptor Potential (TRP) channels are critical to vascular function, and
dysregulation of these channels is associated with vascular-related pathologies, including
hypertension and ischemia-re-perfusion injury (for more details, see review [8-12]).
However, despite the strong correlation between ED and hypertension, especially
considering their common vascular etiologies, studies investigating the role of TRP channels
in the penile vasculature or corpus cavernosum have not been previously reported.

Among TRP channels, TRPM8 (melastatin 8) is a non-selective calcium-permeable channel,
mainly localized in the sensory neurons, that to play a critical role in the transduction of

Pharmacol Res. Author manuscript; available in PMC 2019 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Silva et al.

2.

Page 3

moderate cold stimuli [13-15]. TRPMS8 behaves as a polymodal receptor activated by
membrane depolarization, cold, and chemical compounds such as menthol, icilin, and
several inflammatory agents [14,16-18].

In relation to the cardiovascular system, the literature reports a functional correlation
between the expression of thermoreceptor channels TRPM8 and alterations in blood
pressure in hypertension. Liu et al. [19] demonstrated a decrease in the expression and
TRPMS8 channel activity in different models of pulmonary hypertension. Interestingly,
Xiong et al. [20] demonstrated that the dietary menthol (TRPM8 activator) supplementation
reduced the vascular dysfunction and hypertension induced by noxious cold and the
treatment with menthol attenuated the vasoconstriction and activation of RhoA/Rho kinase
pathway in mice with hypertension induced by cold or Ang Il. In line, Sun et al. [21]
demonstrated that TRPM8 activation by menthol benefited vascular function and blood
pressure by inhibiting RhoA/Rho kinase pathway in the vasculature. In addition, chronic
menthol capsule administration improved flow mediated dilatation in prehypertensive
individuals, demonstrating that menthol treatment has favorable effects on hypertension.

Although the literature does not demonstrate the role of TRPMS in the penile vasculature or
in erectile function, the use of the menthol (TRPM8 agonist) empirically in different types of
preparations for use during sexual intercourse is widespread in the world, but no scientific
study has been carried out to evaluate the consequences of TRPM8 activation in tissues of
importance for penile erection. Then, the correlation between the thermosensitive TRP
channels (TRPMS8) and cardiovascular functions in the hypertensive state, together with the
importance of restricted thermal regulation of the sexual tissues, ensuring ideal functioning
of the germ cells, as well as the erectile tissues, prompted us to investigate the participation
of channels TRPs (TRPM8) in hypertension associated-ED. The purpose of this study was to
test whether TRPM8 channels are expressed in pudendal artery and if their functions are
modified in tissues from hypertensive rats, contributing to vascular dysfunction observed in
hypertension associated — ED.

In this study, we demonstrate that TRPM8 channels are expressed in pudendal artery from
both normotensive and hypertensive rats and their activation is able to relax these tissues,
involving, at least in part, endothelium-derived relaxing factors (EDRFs) and RhoA/ROCK
inhibition. Interestingly, higher sensitivity of TRPM8 channels to icilin was observed in the
penile vasculature from hypertensive compared to normotensive rats.

Methods

2.1. Animals

Male wistar rats, spontaneously hypertensive rats (SHR), both 30 weeks of age, and Sprague
Dawley (SD) rats (12-15 weeks old), were used for this investigation (Harlan Laboratories,
Indianapolis, IN, USA). All rats were maintained on a 12:12 h light—dark cycle with both rat
chow and water ad libitium. All procedures were performed in accordance with the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH) and
were reviewed and approved by the Institutional Animal Care and Use Committee of
Augusta University. All surgical procedures were undertaken on rats under isoflurane
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anesthesia, administered via nose cone (5% in 100% O5). Rats were then euthanized by
thoracotomy and exsanguination via cardiac puncture.

2.2. Isolation of arteries

Internal pudendal arteries (IPA) were removed from rats and placed in 4 °C physiological
salt solution (PSS) containing: NaCl (130 mM), NaHCO3 (14.9 mM), KCI (4.7 mM),
KH,PO4 (1.18 mM), MgSO4—7H,0 (1.18 mM), CaCl,-2H,0 (1.56 mM), EDTA (0.026
mM), and glucose (5.5 mM) (all Sigma-Aldrich, St Louis, MO, USA). Excised arteries were
cleaned of perivascular tissue.

2.3. Vascular smooth muscle cell isolation

Primary VSMCs were cultured from IPA using an enzymatic digestion method [22]. Briefly,
IPA were cut into small pieces and incubated in enzymatic solution mix, for 60 min at 37 °C
under agitation, containing: BSA (2mg/mL), collagenase type 1 (2mg/mL), trypisin inhibitor
(0.380 mg/mL) and elastase (0.125 mg/mL) in Hanks’ Balanced Salt solution (HBSS). Cells
were passed through a 100-um nylon mesh filter. The cell suspension was centrifuged at
2500 rpm for 5 min and resuspended in Dulbecco’s modified Eagle’s medium (GE
Healthcare, Logan, UT, USA), supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin solution (Corning, Manassas, VA, USA). VSMCs were identified by
determination of a-actin expression and the absence of endothelial cells (EC) was confirmed
by assessment of von Willebrand factor, both analyzed by fluorescence microscopy (data not
shown). Treatments commenced between passages 3-6, when culture dishes were >80%
confluent. Twenty-four hours prior to treatments, cells were placed into serum-free media to
achieve quiescence.

For some experiments the cell signaling involved in the responses after TRPM8 activation
was investigated using Western blotting technique. VSMCs from normotensive rats were
treated for 30 min by vehicle (DMSO 0.01%), icilin (1076 and 10~ M), a TRPM8 channels
activator, or N-(4-tert-butylPhenyl)-4-(3-chloropyridin-2-yl) piperazine-1-carboxamide
(BCTC; 2 x 1075M), a TRPMS8 channel antagonist.

2.4. Immunoblotting

IPA were cleaned of perivascular adipose tissue, snapped frozen in liquid nitrogen, and then
homogenized in ice-cold tissue protein extraction reagent (T-PER) (Thermo Fisher
Scientific, MA, USA), with protease inhibitors [sodium orthovanadate,
Phenylmethanesulfonylfluoride (PMSF), protease inhibitor cocktail (Sigma)] and
phosphatase inhibitors [sodium fluoride and sodium pyrophosphate] (Sigma), as described in
[23]. In some experiments, VSMC from IPA were used for immunoblotting experiments.
Protein was extracted and quantified by BCA protein assay (Thermo Fisher Scientific, MA,
USA, #23224 and #23228). Equal amounts (30—40 ug) were separated on polyacrylamide
gels using a standard SDS-PAGE Western blot protocol. Gels were then transferred to
polyvinylidene difluoride (PVDF) membranes (Thermo Fisher Scientific, MA, USA) and
probed for protein expression. The membranes were blocked with 5% nonfat dry milk and
incubated overnight at 4 °C with primary antibodies raised against anti-TRPM8 (1:1500,
abcam, Cambridge, MA, USA, #abh3243); anti-RhoA (1:5000, Cell Signaling Technology,
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MA, USA, #2117); anti-ROCK 11 (1:5000; BD Transduction Laboratories, CA, USA,
#610623); anti-MYPT (1:1000; BD Transduction Laboratories, #612165); anti-
Phosphorylated MYPT1Thr696 (1:5000, Cell Signaling Technology, #5163); anti-GAPDH
(1: 20,000, Cell Signaling Technology, #2118); Anti-B-actin antibody (1:2000, abcam,
Cambridge, MA, USA; # ab8227);

The membranes were then washed and incubated with horseradish peroxidase-linked
secondary antibodies. Immunocomplexes were detected with an enhanced
chemiluminescence system on a protein sample imager. Phosphorylated protein expression
was normalized to total protein expression; all other proteins were normalized to loading
control, GAPDH or B-actin. Expression is presented as arbitrary units (A.U.).

Immunofluorescence assay

To visualize TRPMB8 expression in IPA and VSMCs, confocal microscopy was performed.
Avrteries were embedded in optimal cutting temperature medium and frozen in liquid
nitrogen. Slides containing transverse cross-sections (10 um) of frozen arteries were
immersed into acetone/methanol solution (1:3 proportion) for 10min, washed by
physiological buffer solution (PBS, 1X) and blocked with hydrogen peroxide (3%) for 30
min. In the case of the experiments performed with VCMCs, they were fixed in 4%
paraformaldehyde (Thermo Fisher Scientific) for 10 min. Cross-sections/cells were blocked
in 1X PBS with 0.01% Triton X-100 (Thermo Fisher Scientific) and 5% horse serum. The
slides were then incubated with anti-TRPM8 (1:30; Abcam/ab3243) primary antibody
overnight. Next, slides were incubated with goat anti-rabbit 1gG (H + L) cross-adsorbed
secondary antibody Alexa Fluor 594 (1:500) in 1X PBS and 5% BSA for 60 min.
Vectashield HardSet Antifade Mounting Medium with DAPI (H-1500) (Vector Laboratories,
Inc., Burlingame, CA) was then applied to slides with coverslips. IPA or VSMCs were
visualized using a Zeiss LSM 780 Upright confocal microscope (63X objective) (Carl Zeiss
Microlmaging, Oberkochen, Germany).

2.6. Vascular function

Internal pudendal arteries were mounted on DMT wire myographs (Danish MyoTech,
Aarhus, Denmark). Arteries were bathed in 37 °C physiological salt solution (PSS) with 5%
CO, and 95% O,. Isolated arteries were then normalized to their optimal luminal diameter
based on the internal circumference/wall tension ratio of the arteries by setting the internal
circumference (Lg) to 90% of what the vessels would have if they were exposed to a passive
tension equivalent of 100 mmHg (L1gg) transmural pressure [24,25].

Cumulative concentration-response curves were performed to ACh (10719-3 x 107°M),
sodium nitroprusside (SNP; 107103 x 1075M), Phenylephrine (Phe; 10710-3 x 1075 M) and
icilin (1078-1074 M), a TRPMS channel activator. In some experiments, thirty minutes prior
to Phe, arteries were incubated with a TRPM8 channel antagonist [BCTC, (2 x 1076 M) or
M8-B (107% M)], cyclooxygenase (COX) inhibitor (indomethacin; 10> M), nitric oxide
synthase (NOS) inhibitor (L-NAME; 10~4 M), non-selective blocker of the large (BKc,) and
intermediate (IKc,) conductance Ca2*-activated K* channels (charybdotoxin; 10~/M), SK
channel blocker (apamin; 5 x 1076 M), BK ¢, blocker (iberiotoxin; 10~/ M), non-selective K
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* channel blocker (tetraethylammonium — TEA, 3 x 1073 M), ROCK (Rho-associated
protein kinase) inhibitor (Y27632; 1075M).

In another set of experiments, the effects of cold temperature (35 — 25 °C) activating
temperature-sensitive TRPM8 channels were investigated in pudendal arteries under basal or
pre-contracted tone. To achieve the desired temperature, the bath solution at the target
temperature (using a thermometer) was placed into the chamber, and the heating devices
were turned off. The exact temperature (°C) and vascular tone (mN) were informed by the
equipment during all the experiment.

For some experiments, the endothelium layer was denuded by rubbing the lumen with a hair
shaft to determine whether the relaxant effect of TRPMS8 activator (Icilin) was endothelium-
dependent. Endothelial integrity was assessed by the degree of relaxation caused by
acetylcholine (1078 M) in vessels pre-contracted with the thromboxane A, analogue U46619
(1078 M) (Cayman). Rings were considered to be endothelium-denuded when acetylcholine
induced relaxant effects were less than 10% and endothelium-intact when the relaxant
effects were more than 90% of the initial contraction. To evaluate contractile integrity, just
after the equilibration period and again at the end of the experiments, vessels were exposed
to Phenylephrine (1076 M). Arteries were considered viable if KCI and PE contracted the
arteries greater than 10 mN respectively. All compounds and drugs were obtained from
Sigma-Aldrich.

2.7. Statistical analysis

Data are presented as the mean + S.E.M. and n (n = number of animals) represents number
of experiments performed from independent rats. The curves were fitted using a variable
slope sigmoid fitting routine in GraphPad Prism4 (San Diego, CA, USA), according to the
equation: Y = Bottom + (Top-Bottom)/(1 + 10°((LogEC50-X)*HillSlope), where Y is the
effect at the concentration test (X), EC50 is the concentration of agonist that gives a

response half way between Bottom and Top, HillSlope describes the steepness of the family
of curves, and Top and Bottom are plateaus in the units of the Y axis (GraphPad Prism4
guide). Statistical analyses used included one-way analysis of variances (ANOVAS) followed
by Bonferroni’s multiple comparisons post-test and unpaired or paired Student’s t-test.
Statistical significance was set at p < 0.05.

3. Results

3.1.

Identification of TRPM8 channels expression in IPA and VSMCs

Information about the expression of TRPM8 channels in the pudendal artery has not been
described in the literature. As a result, protein expression experiments were carried out to
determine whether TRPM8 channel proteins are expressed in VSMCs from IPA. In Fig. 1A
and B, immunoreactive bands indicating expression of TRPM8 channels in the IPA tissue
and VSMC from IPA by using Western blotting technique. Bladder (a nonvascular smooth
muscle), mesenteric artery and VSMCs from aorta were used as positive control [26-28].
Bladder and mesenteric artery were isolated and cleaned as described in Teixeira et al. [29]
and Silva et al. [30], respectively.
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To support these quantitative data, we performed confocal micro-scopy on IPA and VSMCs.
First, cultured VSMCs were characterized, using immunofluorescence, by the presence of
calponin and by the absence of von Willebrand factor, characteristic of EC (data not shown).
IPA characterization is demonstrated in Supplementary material (Fig. 1). In Fig. 1C,
immunofluorescence staining showed that TRPM8 was expressed in IPA and VSMCs.
Sections from aorta and bladder were used as positive control.

3.2. TRPMS8 activation by cold temperature or chemical stimulus induces vasodilation in

IPA

In order to investigate the effects induced by TRPM8 channels activation in IPA,
experiments were performed using icilin, a TRPMS8 activator. Icilin significantly relaxed the
sustained contraction induced by Phe (1076 M, n = 6). The relaxation induced by icilin was
reduced in the presence of both, BCTC (2 x 1076 M, n = 7) or M8-B (1078 M, n = 6),
TRPMS8 blockers (Fig. 2A). Furthermore, there was significant change in basal tone after
icilin exposure (Fig. 2 in the Supplementary material).

TRPMS8 channels are classified as thermosensitive TRP channels because they are activated
by cold temperatures between the range of 8 to 27 °C [31-34]. To confirm if TRPM8
activation induces relaxation in IPA, we performed experiments with endothelium-intact
rings submitted to cold temperatures (35-25 °C), in two different experimental conditions,
basal tone or pre-contracted tone induced by Phe (1076 M). Fig. 2B and C show that changes
in bath temperature, from 37 °C to a temperature that activates TRPM8 channels (25 °C),
induced a significant reduction in basal or contracted arterial tone (Eygoc =41.21£3.4,n=5
and 87.0 + 3.6%, n = 6, respectively). This relaxing effect induced by cold temperature was
significantly decreased by BCTC (2 x 1078 M) (Ese¢ = 21.7 + 8.8 and 58.4 + 11.3%,
respectively, n = 6, p < 0.05).

3.3. Vasorelaxation induced by TRPMS8 activation in IPA involves EDRFs

It is well known that the endothelium plays an important role in vascular tone control
[35,36] and vascular endothelial cells release several EDRFs that modulate vascular tone.
Therefore, we hypothesized that relaxation effect induced by TRPMS8 activation would
depend on EDRFs. In endothelium-denuded vessels, there was a significant right-ward shift
in the concentration-response curve to icilin (p < 0.001) with significant changes on the
effect produced by higher concentration of icilin tested (E1o™* = 66.2 + 4.6%, n = 6) when
compared to the endothelium-intact vessels (E1g™ = 82.1 + 3.0%, n = 6, Fig. 3A).

To test whether TRPM8-mediated relaxation involves EDRFs, concentration-effect curves to
icilin were constructed in the presence of different inhibitors, such as: L-NAME (1074 M),
indomethacin (10~ M) or a combination of charybdotoxin (10~ M) and apamin (5 x 1076
M) to inhibit endothelium-derived hyperpolarizing factor (EDHF). As observed in Fig. 3B,
the concentration-response curves to icilin were shifted to the right in arterial groups
incubated with L-NAME or in-domethacin, suggesting that after TRPMS8 activation, NO
production and vasodilators derived from cyclooxygenase pathway (e.g., prostacyclin) seems
to be involved in relaxation induced by TRPM8 activator icilin. Furthermore, the pre-
incubation of arteries with a combination of charybdotoxin (10~'M) and apamin (5 x 1075
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M) also significantly decreased icilin-mediated relaxation in IPA (E1o™* = 60.1 + 5.6%, n =
5) compared to the control (E;g™* = 82.1 + 3.0%).

The subsequent experiments were carried out to explore the endothelium-independent
vasorelaxation mechanism. The literature describes very well that TRPMS is a Ca2*
permeable and we further hypothesized that the activation of BK, channels will occur
subsequently to the activation of TRPM8. To determine the possible contribution of BK¢,
channels to endothelium-independent-icilin-induced relaxation, we examined the influence
of their inhibitors, iberiotoxin (107 M) and TEA (3 x 1073 M) in the relaxant response. As
shown in Fig. 3C, the vasorelaxant response to icilin was not significantly inhibited by either
TEA (E1o™* = 67.6 + 4.8%, n = 6) or iberiotoxin (Eqg~* = 64.2 + 8.4%, n = 4) compared to
control (E1o™ = 66.2 + 4.6%).

3.4. TRPMBS8 channel activation inhibits Rho A/ROCK kinase pathway

Regarding the endothelium-independent relaxation, a previous study demonstrated that
chronic menthol (TRPM8 agonist) administration reduced vasoconstriction induced by
U46619 in mesenteric artery by vascular inhibition of RhoA/ROCK pathway in a TRPM8-
dependent manner [21]. Based on this, we hypothesized that TRPM8 activation in IPA could
involve RhoA/ROCK pathway inhibition. The Fig. 4A shows that concentration response
curve to icilin was desensitized in the presence of Y27632 (ROCK inhibitor, 1076 M),
suggesting that, ROCK, at least in part, is important for relaxation induced by TRPM8
activation. To support these vascular function data, Western blotting was performed for
RhoA and ROCK I1. However, we observed that in VSMCs isolated from IPA treatment with
either Phe (1078 M) or Phe + icilin (107> M) or Phe + icilin + BCTC (2 x 1078 M) did not
change the expression of RhoA/ROCK (Fig. 4B and C).

3.5. Characterization of vascular abnormalities in IPA from hypertensive rats

It has been known for some considerable time that sustained elevation of blood pressure
induces structural changes in both heart and blood vessels. However, as the literature is
controversial about the vascular abnormalities found in different vascular beds from
hypertensive animals, in our set of experiments, we first analyzed the differences on the
vascular functions observed in IPA from SHR compared to Wistar rats (30 weeks of age).
Fig. 5A showed significant left ventricular hypertrophy in SHR compared to Wistar rats (p <
0.01). However, no differences were observed in proximal or distal internal pudendal arteries
diameters from SHR [internal diameter = 406 + 8 (n = 15) and 398 £+ 12 um (n = 15),
respectively] and Wistar rats [internal diameter =419 +18 (n =9) and 382 = 17 um (n = 7),
respectively] (Fig. 5B). We also analyzed the vascular function changed by hypertensive
state in IPA. Data from Fig. 5C shows that IPA with functional endothelium, from SHR,
demonstrated higher contractile response to depolarizing KCI solutions (KCI 60 mM; 18.5
+ 0.8 mN, n=19, p <0.01) compared to normotensive rats (14.8 £ 0.9 mN, n = 19). On the
other hand, no significant changes were observed in contractile response induced by
U46619, a thromboxane A, (TP) receptor agonist, in IPA from both animals (15.6 + 0.8 and
15.5 + 0.8 mN, respectively. n = 19). Since the vasoconstriction induced by U46619 was not
different between SHR and Wistar rats, subsequent results were presented as % U46619-
induced contraction for contraction curves.
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While IPA from SHR demonstrated similar sensitivity to the endothelium-dependent
vasoconstrictor Phe (pD2 = 7.04 £ 0.05, n = 8) compared to normotensive rats (pD2 = 6.87
+ 0.07, n = 9), the pharmacological efficacy of Phe was significantly decreased in arteries
from SHR [Epax = 180.1 + 11.6 (n = 8) and 265.1 + 27.8 (n = 9), respectively; p < 0.05]
(Fig. 5D). In contrast, relaxation with the endothelium-independent vasodilator and nitric
oxide (NO)-donor SNP or acetylcholine were not different between hypertensive and
normotensive animals (Fig. 5E e F).

3.6. The sensitivity but not expression of TRPM8 channels are increased in IPA from
hypertensive animals

Hypertension and ED are closely intertwined diseases, which have endothelial dysfunction
as a common cause [37]. In our data, we analyzed if TRPM8 expression and activity are
changed in IPA from hypertensive rats. Interestingly, in Fig. 6A and B we could not observe
significant difference of TRPM8 expression in IPA from SHR and Wistar. However, Fig. 6C
shows that icilin-induced vasodilation was significantly higher in IPA from SHR (Eqg™* =
75.3 + 1.7%, n = 12) compared to Wistar (E;p™* = 56.4 + 2.6%, n = 9), with the
concentration-response curve significantly shifted to the left in arteries from hypertensive
animals, suggesting that the sensitivity of TRPM8 channels is higher in pudendal arteries
from hypertensive compared to normotensive rats (Fig. 6C).

3.7. Vasorelaxation induced by TRPMS8 activation in IPA from SHR also involves release of
EDRFs and RhoA/ROCK pathway inhibition

Since endothelium dysfunction is characterized by alterations in the production and/or
bioavailability of EDRFs and endothelium derived constricting factors (EDRFS) in
hypertensive rats [38,39], we also analyzed if EDRFs are important for the relaxation
induced by TRPMS8 activation in IPA from hypertensive animals. Fig. 7A shows that
concentration-response curve to icilin was shifted to the right in the presence of both
indomethacin or a combination of charybdotoxin and apamin. However, different from that
was observed in IPA from normotensive rats, NO production seems to be not important to
relaxation induced by TRPM8 activation in SHR.

We also analyzed if ROCK inhibition is involved in the TRPM8-mediate relaxation. The Fig.
7B shows that both concentration-response curves to icilin in SHR and Wistar were shifted
to the right in the presence of Y27632 (106 M), suggesting that, ROCK, at least in part, is
important for relaxation induced by TRPMB8 activation.

4. Discussion

The present study provides, for the first time, experimental evidence for the expression and
function of TRPM8 channels in the pudendal artery, emphasizing the importance of these
channels in the penile vasculature, the mechanism of action underlying their activation,
increased sensitivity of these channels in IPA from hypertensive rats, and all together,
demonstrating the potential of this channel as a new target for the treatment of hypertension
associated-ED.
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Several TRP channels participate in the function of vasculature and many of these channels
are highly expressed in ECs and VSMCs [40,41]. Among the TRP channels family, the
subtype TRPMB8 is a well-established cold sensor that can be activated by pharmacological
agents that mimic the psychophysical sensation of cold, such as menthol [42]. Although the
literature does not demonstrate the role of TRPMS8 in the penile vasculature or in erectile
function, there is an American patent, number US20070060653, investigating the use of
menthol (TRPM8 agonist) or any related cooling compound, topically applied to the clitoris,
to evoke reflex-induced, vaginal lubrication, initiating the reflex-mediated release of
vasoactive polypeptides adjacent to vaginal arterioles. Thus, our results demonstrated, for
the first time, the expression of TRPM8 channels in the internal pudendal artery, which
controls 70% of blood flow to the erectile tissues. Furthermore, we observed that these
channels are also expressed in VSMC from IPA and its activation, by chemical or cold
temperature stimulus, signals through vasodilatory pathways.

Once the functional effect induced by the TRPMB8 activation was demonstrated in IPA, we
aimed to evaluate the mechanism of action involved in the observed responses. The vascular
endothelium plays a strategic role in vascular hemodynamics for example by releasing of
EDREFs, represented mainly by NO, prostacyclin (PGI2), and EDHF [43,44]. Our results
showed that vasorelaxant response was significantly reduced by the absence of the
endothelium. Since TRPM8 channels acting as Ca2* influx channels through plasma
membrane and in several vascular beds, a rise in intracellular Ca2* concentration ([Ca2*];) in
EC activates the enzyme eNOS and cytosolic phospholipase A, (that activates
cyclooxygenase) for the synthesis of NO and prostacyclins, respectively, we hypothesized
that EDRFs are important to relaxation induced by TRPMS8 activators. In our data, we could
observe that the concentration-response curve to icilin was shifted to the right in the
presence of L-NAME and indomethacin (Fig. 3). In addition, the endothelium controls
vascular tone not only by releasing NO and prostacyclin, but also by release of other factors
causing hyperpolarization of the VSMC. The effect induced by these factors can also involve
an increase in the [Ca2*]; of the EC, followed by the opening of SK¢, and IK¢, channels
(small and intermediate conductance Ca2*-activated K* channels respectively) [45,46]. In
our studies, the inhibition of SK¢, and 1K, channels by combination of charybdotoxin and
apamin significantly reduced the relaxation induced by icilin. The literature reports that
other TRP channels activated on the vascular endothelium leads to release of EDRFs
[47,48].

Since vasodilation induced by TRPMS8 activation was reduced, but not abolished by
endothelium removal, the subsequent experiments were carried out to explore the
endothelium-independent vasorelaxation mechanism. Since TRPM8 is a Ca2 + -permeable
cation channel (PCa/PNa ~1-3) [13,14], the activation of TRPMS8 present both on the
plasma membrane and/or the membrane of the sarcoplasmic reticulum (SR) in the VSMC
could increase [Ca?*];. Initially, we hypothesized that TRPMS activation on VSMC alters
[Ca?*]; and consequently activates BK ¢, channels. Thus, we performed experiments in the
presence of iberiotoxin and TEA, both BK, channels blockers. No significant changes in
the icilin-induced effect were observed, suggesting that, at least in the IPA, this signaling
pathway is not involved after subsequent activation of TRPMS. These results demonstrate
that activation of TRPM8 channels in vascular tissues may induce endothelium-independent

Pharmacol Res. Author manuscript; available in PMC 2019 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Silva et al.

Page 11

vasodilation by different mechanisms. In IPA TRPMS8 activation seems to involve
endothelial factors, but not BK, activation. In the mesenteric artery it seems to involve
BK¢, activation [27,30]. On the other hand, in pulmonary artery, TRPMS8 activation induces
relaxation by inhibition of store-operated calcium entry [49] and RhoA/ROCK pathway
inhibition [21]. In addition, TRPMB8 activation significantly inhibited the increase in NOX1
and NOX4 in Ang ll-treated VSMCs from aorta and suppressed activation of the RhoA-
Rock2 and JAK2 signaling pathways [50].

Several works have been published over the years demonstrating that Ca2+ -sensitizing
effect of vasoconstrictors is due RhoA/Rho-kinase (ROCK) pathway activation. Since Sun et
al. [21] demonstrated that RhoA/ROCK is essential for the effect induced by TRPM8
activation on mesenteric resistance artery, we hypothesized that TRPM8 activation would
inhibit RhoA/ROCK in IPA, promoting relaxation. To check this, we performed experiments
using Y-27632, a ROCK inhibitor. In our vascular reactivity experiments, the concentration-
response curve to icilin was shifted to the right in the presence of Y-27632. Therefore, we
can infer that the relaxation of endothelium denuded IPA to icilin involved, at least in part,
inhibition of calcium-sensitization and contractility stimulated by RhoA/ROCKII. In
addition, we pre-treated VCMCs with TRPM8 activator during 30 min and we analyzed the
RhoA and ROCK expression. Interestingly, the treatments did not change the expression of
total RhoA and ROCKII, probably due the short duration of treatment. Thus, further studies
will be needed to assess the molecular target responsible for ROCK pathway-dependent
icilin-induced relaxation.

ED is frequently encountered in patients with arterial hypertension and greatly affects their
quality of life of hypertensive patients and their sexual partners [2]. Since TRPM8 channels
are downregulated on pulmonary hypertension [19] and renovascular hypertension models
(Aorta) [50], and they are expressed and functional in IPA in physiological conditions, we
hypothesized that functional changes of these channels may contribute to hypertension-
associated erectile dysfunction. To check this, we performed experiments using
spontaneously hypertension rats. Behr-Roussel et al. [51] clearly demonstrated the
progression of corporal and vascular structural and functional abnormalities associated with
development of hypertension and its consequences on erectile function in SHR. They also
showed that in SHR, 12 and 24 weeks of age, the magnitude of the erectile responses was
drastically reduced compared with WKY rats, besides vascular and penile remodeling.

In our data, we showed the modifications in SHR compared to Wistar rats. Fig. 5 shows that
SHR presented marked characteristics of hypertensive disease such as left ventricular
hypertrophy and vascular dysfunction. IPA from SHR presented greater contractile capacity
for depolarizing agents and less contractility to alphal-adrenergic activation. Furthermore,
as demonstrated in Fig. 6, despite the greater pharmacological efficacy of icilin in activating
TRPMS8 channels in hypertensive animals compared to normotensive, the expression of
TRPMS8 channels was not significantly different between the arteries from these animals,
suggesting that TRPM8 channels have increased sensitivity in SHR and this would be a
compensatory effect in the IPA from hypertensive animals. This highlights that TRPM8 may
be a potential therapeutic target for the treatment of erectile dysfunction associated with
hypertension. However additional studies will be needed to better evaluate this hypothesis.
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Our data also demonstrated that TRPMS8 activation involved the EDRFs and ROCK
inhibition in IPA from SHR and Wistar rats. However, NO production does not seem to be
important for relaxation induced by TRPMB8 in these arteries from SHR. In the literature,
studies with SHR produced discrepant results regarding the role of NO and endothelial
dysfunction in the development of hypertension. These differences depend on many factors
and they are vessel-dependent, age-dependent, strain-dependent, and methods-dependent
used for determination of vascular function (more details see review written by [52]). In IPA,
the exact role of NOS and NO pathway in SHR endothelial dysfunction has not yet been
well characterized. Therefore, we could not clarify whether NO-independent relaxation
induced by TRPMB8 activation, observed in SHR but not in Wistar rats, would be due to a
change in NO production/signaling in these arteries from SHR or would be due to a real
non-interaction between the signaling of TRPM8 channels and NO in IPA from SHR.

In summary, our data provide strong support that TRPM8 channels are expressed and
functional in IPA from both normotensive and hypertensive rats and their activation is able
to relax these tissues, involving, at least in part, endothelium derived relaxing factors and
RhoA/ROCK inhibition (Fig. 8). In addition, higher sensitivity of TRPM8 channels were
observed in penile vasculature from hypertensive compared to normotensive rats suggesting
vascular TRPMS8 activation can be considered as a potential strategy for the management of
hypertension-associated ED.
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EDHF endothelium-derived hyperpolarizing factor
ICI Icilin
IP Prostacyclin receptor
IPA Internal Pudendal Artery
NOX NADPH oxidase
PGl, Prostacyclin
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Fig. 1. TRPMS8 channels expression in isolated arteries and VSMCs.
TRPMB8 expression analyzed in IPA (A) and VSMCs from IPA (B) using Western blotting

technique and immunofluorescence (C). Samples from bladder, mesenteric artery and aorta
were used as positive control. VSMC images were taken at 63x magnification. N = 5.
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Fig. 2. TRPMB8 activation by cold temperature and chemical stimulus induced vasodilation in
IPA.
A. Logarithmic concentration-response curves showing the relaxant effect of icilin (TRPM8

activator, 1078 to 10™#M), in the IPA pre-contracted by Phe (1076 M), in the absence (@,
control, n = 6) or in the presence of BCTC (o, 2 x 107 M, n = 7) and M8-B ([ ], 1075 M, n
= 6), both TRPMS8 blockers. B. Bar graph summary showing that the reduction of
temperature of PSS solution induced vasodilation of the basal (A, n = 5) or contracted
arterial tone (B, n = 6). Both effects were reduced by BCTC (2 x 107 M, A and B, n = 6).
Data are the mean + SEM. The data were examined using one-way ANOVA followed by
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Bonferroni post-test (Fig. 2A) and Student’s t tests (Fig. 2B and C). *p < 0.05, **p < 0.01 vs
control/endothelium intact.
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Fig. 3. Endothelium-dependent and -independent relaxation induced by TRPM8 activation in

IPA.

A. The concentration—response curves of icilin in the presence (@, intact endothelium, n =
6) or in the absence of functional endothelium (O, Endothelium denuded, n = 6). The
response is expressed as a percentage of relaxation from Phenylephrine-induced contraction.
B. Logarithmic concentration response curves to icilin obtained from studies with IPA pre-
contracted by Phe (10~% M), with functional endothelium, in the absence (@, control, n = 6)
or in the presence of indomethacin (¥, 107> M), n = 6), L-NAME (M, 107 M, n=6) or a
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combination of charybdotoxin (107 M) and apamin (5x1076 M) (A; n = 5). C. Logarithmic
concentration-response curves showing the relaxant effect of icilin, in the IPA pre-contracted
by Phe (10~ M) without functional endothelium, in the absence (@, endothelium denuded,
n = 6) or in the presence of iberiotoxin (¥, 10~ M, n = 4) or TEA (M, 3 x 1073 M, n = 6).
Values are expressed as means + S.E.M. The data were examined using unpaired Student’s t
tests (Fig. 3A) and one-way ANOVA followed by the Bonferroni post-test (Fig. 3B and 3C).
*p < 0.05 and ***p < 0.001 vs control.
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Fig. 4. TRPMB8 channels activation seems inhibit RhoA/ROCK kinase pathway.
A. Logarithmic concentration response curves to icilin obtained from studies with IPA pre-

contracted by Phe (1078 M), without functional endothelium, in the absence (A, control, n =
6) or in the presence of Y27632 (@, 107 M, n = 6). B and C. Protein expression analysis
for RhoA and ROCKII normalized by GAPDH, in VSMCs from IPA, incubated in either
vehicle (V, n = 5), Phenylephrine (P, 108 M, n = 5), Phenylephrine + icilin (10> M, P + 1, n
= 5) or Phenylephrine + icilin + BCTC (2 x 1078 M, P + | + B, n = 5). Above, densitometric
analysis; below, representative images of immunoblots. The data were examined using
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unpaired Student’s t tests (Fig. 4A) and one-way ANOVA followed by the Bonferroni post-
test (Fig. 4B and 4C).
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Fig. 5. Vascular abnormalities in IPA from hypertensive compared to normotensive rats.
A. Bar graph summary showing weights of the right atrium (RA), left atrium (LA), right

ventricle (RV) and left ventricle (LV) from Wistar and SHR (n = 6 each group). Data are
mean tissue weight/tibia length (mm). B. Bar graph showing the proximal or distal internal
pudendal arteries diameters (um) predicted from arterial normalization curve. C. Bar graph
showing the level of contraction (mN) induced by KCI (60mM) and U46619 (1076 M) in
IPA with functional endothelium, from SHR and Wistar rats (n = 19). Concentration-
response curves to Phenylephrine (D), acetylcholine (£) and SNP (F) were performed in the
IPA with functional endothelium from SHR and Wistar rats (n = 8 and 9, respectively). Data
are the mean + SEM. The data were examined using unpaired Student’s t tests. *p < 0.05 vs
Wistar.
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Fig. 6. The sensitivity but not expression of TRPM8 channels are increased in IPA from
hypertensive animals.

A. Representative images of immunoblots for TRPM8 channels expression obtained of
experiments with IPA from SHR and Wistar rats. Aorta, mesenteric artery and bladder were
used as positive control. B. Protein expression analysis for TRPM8 channels normalized by
GAPDH in IPA from SHR and Wistar rats (n = 5). C. Logarithmic concentration response
curves showing the relaxant effect of icilin in IPA from SHR (], n = 12) and Wistar (M, n =
9) rats, pre-contracted by Phe (10~6M) with functional endothelium. Values are expressed as
means + S.E.M. The data were examined using unpaired Student’s t tests. *p < 0.05, **p <
0.01, ***p < 0.001 vs Wistar rats.
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Fig. 7. Vasorelaxation induced by TRPM8 activation in IPA from SHR also involves release of
EDRFs (except NO) and RhoA/ROCK pathway inhibition.

A.. Logarithmic concentration response curves showing the relaxant effect induced by icilin
in IPA from SHR pre-contracted by Phe (1078 M), with functional endothelium, in the
absence (@, control, n = 12) or in the presence of indomethacin (M, 10™° M, n = 7), L-
NAME (¥, 1074 M, n = 8) or a combination of charybdotoxin (10~ M) and apamin (5 x
1076 M) (A; n = 6). B. Logarithmic concentration-response curves to icilin in IPA from
SHR and Wistar, pre-contracted by Phe (108 M), without functional endothelium, in the
absence (solid line, control, n = 6) or in the presence of Y27632 (dotted line, 1075 M, n = 6).
The data were examined using one-way ANOVA followed by the Bonferroni post-test (Fig.
7A) and unpaired Student’s t tests (Fig. 7B). *p < 0.05, **p < 0.01, indomethacin vs control
or Y27632-wistar vs control wistar. # p < 0.05, ##p < 0.01, charybdotoxin and apamin vs
control or Y27632-SHR vs control SHR.
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Fig. 8.

chhematic representation of the mechanism of action underlying the TRPM8 channel
activation in IPA. AC, adenylyl cyclase; COX, cyclo-oxygenase; EDHF, endothelium-
derived hyperpolarizing factor; sGC, soluble guanylyl cyclase; IP, PGI2 receptor; NOS, NO
synthase; PGI2, prostacyclin; ROCK I, Rho-associated protein kinase; transient receptor
potential canonical channel; TRPMS, transient receptor potential melastatin 8 channel.
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