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Abstract: Canonical transient receptor potential (TRPC) channels contribute to calcium
homeostasis, which is involved in penile vascular contractility and erectile dysfunction (ED)
pathophysiology. We evaluated the impact of TRPC5 inhibition on endothelial function in
penile vascular tissue from aging rats and ED patients and its effect on the relaxant efficacy
of PDES inhibitors. TRPC inhibitor-induced endothelial and neurogenic relaxations were
evaluated in corpus cavernosum (RCC) from a rat model of aging-related ED and in human
penile resistance arteries (HPRAs) and corpus cavernosum (HCC) from ED patients and
organ donors (NoED). The TRPC5 inhibitor, AC1903, was more effective than TRPC3 and
TRPC4 inhibitors in relaxing aged RCC and HCC and HPRA from ED patients. In addition
to enhancing endothelial and neurogenic relaxations in RCC from aged animals, AC1903
improved endothelium-dependent relaxation in both HCC and HPRA from ED patients
but not in tissues from NoED. Cavernosal expression of TRPC5 was not different between
ED and NoED subjects. AC1903 potentiated relaxations to the PDES5 inhibitor, tadalafil, in
HCC/HPRA from ED patients. TRPC5 inhibition improved penile vascular function in
aged rats and patients with ED. TRPCS5 inhibition could be a potential therapeutic target
for ED, particularly when combined with PDES inhibitors to enhance treatment outcomes.

Keywords: canonical transient receptor potential (TRPC) channels; TRPC5; erectile
dysfunction; aging; human corpus cavernosum; human penile arteries; endothelial
dysfunction; neurogenic relaxation

1. Introduction

Erectile dysfunction (ED) is a prevalent and complex condition that primarily af-
fects men over the age of 40, with its occurrence increasing worldwide. This condition
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is closely associated with cardiovascular disease, diabetes mellitus, hyperlipidemia, and
hyperhomocysteinemia among other alterations [1,2]. The prevalence of ED increases with
age, with aging itself considered a major independent risk factor for this condition [3,4].
Notably, ED not only impacts sexual health and quality of life [5] but is frequently consid-
ered an early indicator of systemic vascular diseases, potentially preceding severe cardiac
events [6]. Research has shown a link between ED and an increased risk of both all-cause
and cardiovascular-related mortality [7].

The underlying pathogenic mechanisms of ED are rather complex with neurovascular
dysfunction as a key causative factor [8]. Studies have reported significantly reduced
endothelium-dependent and neurogenic relaxation responses in corpus cavernosum (HCC)
strips as well as in penile resistance arteries (HPRAs) derived from patients with ED when
compared to organ donors without ED [9,10]. These impairments in vascular function may
be partially due to disruptions in the nitric oxide (NO)/cyclic guanosine monophosphate
(cGMP) pathway, a key mechanism for penile smooth muscle relaxation and erection [11].

Consistently, the first-line treatment for ED involves enhancing the NO/cGMP path-
way through inhibition of type 5 phosphodiesterase (PDES5). However, a substantial subset
of patients displays lower response rates to this therapeutic approach, including diabetic
men and patients undergoing radical prostatectomy [12], probably due to severe impair-
ment of NO/cGMP pathway [9,13]. This fact highlights the need for alternative therapeutic
targets and mechanisms.

Functional enhancement of the stromal interaction molecule (STIM)/Orai calcium
entry system has been documented in aging- and ED-related alterations of cavernosal
contractility [14,15], especially in diabetic ED in both rat and human penile tissue [16].
This evidence points to a key role of calcium homeostasis in penile vascular pathophys-
iology. In addition to STIM/Orai system, canonical transient receptor potential (TRPC)
channels also appear to contribute to store-operated calcium entry (SOCE) and seem to
be involved in the pathophysiology of vascular disorders [17]. In fact, TRPC channels
can interact with the STIM/Orai system in regulating calcium concentrations in the vas-
cular system [18,19]. TRPC channels is a subfamily of the TRP channel comprising seven
members of non-selective cation channels (TRPC1-7) that are expressed in vascular tissues,
including vascular smooth muscle and endothelial cells. They contribute to the regulation
of membrane potential and intracellular calcium levels, playing a role in both contraction
and relaxation mechanisms within the vasculature [20]. In fact, recent studies point to
TRPC channels as potential players in vascular remodeling and disease [21].

However, the role of TRPC channels in vascular dysfunction related to aging and ED re-
mains unclear. Emerging evidence suggests a possible contribution of TRPC channels to ED
pathogenesis. For example, TRPC4 channels in corpus smooth muscle cells have been asso-
ciated with ED in diabetic rats, and downregulation of TRPC4 restored erectile function [22].
Similarly, low androgen levels were found to upregulate TRPC3, TRPC4, and TRPC6 expres-
sion in rat penile tissue, contributing to ED [23]. Gene transfer of dominant-negative TRPC6
reduced intracellular calcium levels in human corpus smooth muscle cells and restored
erectile function in diabetic rats, suggesting a potential therapeutic approach [24]. Addi-
tionally, lysophosphatidylcholine, a component of atherogenic lipoproteins, was shown
to increase intracellular calcium in human corpus smooth muscle cells through TRPC6
channel activation, potentially explaining hypercholesterolemia-induced ED [25].

Together, these findings suggest the participation of TRPC channels in ED pathophysiol-
ogy and could serve as promising therapeutic targets. However, there are currently no data on
the effects of TRPC modulation on age- and ED-related vascular dysfunction in penile tissue.
Therefore, the aim of the present study was to evaluate the potential of TRPC inhibition as a
mechanism for promoting relaxation in penile vascular tissue from aging rats and ED patients.
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Additionally, the impact of TRPC inhibition on the effectiveness of the inhibitors of PDE5 to
induce penile vascular tissue relaxation from men with ED was assessed.

2. Results

2.1. TRPCS5 Inhibitor Caused More Effective Relaxations than TRPC3 and TRPC4 Inhibitors in
Corpus Cavernosum from Aged Rats

Increasing concentrations of the TRPC5 inhibitor, AC1903, caused consistent relax-
ations of phenylephrine (PE)-contracted corpus cavernosum (RCC) strips from young
adult (3 M) and aged (20 M) rats (Figure 1A,D). These relaxations were significantly more
effective than those caused by the vehicle (p < 0.0001) and the TRPC4 inhibitor, ML204
(p < 0.0001), in RCC from young rats (Figure 1B), and they were also significantly more
effective than those induced by the TRPC3 inhibitor, Pyr3 (p < 0.0001), in RCC from aged
rats (Figure 1E). This superior efficacy of the TRPC5 inhibitor over the other two TRPC
inhibitors to relax RCC strips from aged rats was confirmed when relaxant responses were
expressed as the area under the curve (AUC) of relaxation (Figure 1C,F).
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Figure 1. TRPC5 inhibitor outperforms TRPC3 and TRPC4 inhibitors in relaxing aged rat corpus caver-
nosum. Representative tracings of relaxations induced by TRPC5 inhibitor (AC1903, 0.1 to 30 uM) in cor-
pus cavernosum (RCC) strips from young adult (3-month-old, 3 M, panel (A)) and aged (20-month-old,
20 M, panel (D)) rats contracted. Panels (B,E) present concentration-response relaxation curves for
vehicle (DMSO 0.001 to 0.3%), the TRPC3 inhibitor (Pyr3), the TRPC4 inhibitor (ML204), and AC1903
in RCC from 3 M rats (B) and 20 M rats (E). The area under the curve (AUC) of the percentage of
relaxation induced by these inhibitors in RCC from 3 M and 20 M rats is represented in (CF), re-
spectively. Phenylephrine (PE, 1-10 uM) was used to precontract all tissues. Data are presented as
mean + S.E.M of the relaxation percentage (B,E) and as individual values and mean + S.D. of the
AUC of relaxation (CF). n indicates the number of animals from whom the tissues were collected.
**p <0.01,** p <0.001 vs. vehicle, and tt p < 0.01, t1t p <0.001 vs. Pyr3 by a two-factors ANOVA (B,E)
or by one-factor ANOVA followed by Holm-Sidak’s multiple comparisons test (CF).

2.2. Improvement of Cavernosal Neurogenic and Endothelial Relaxant Capacity by the TRPC5
Inhibitor, AC1903, in Aged Rats

Cavernosal strips from aged rats displayed impaired relaxations to EFS when com-
pared to those obtained in young animals (Figure 2A). These neurogenic relaxations were
significantly improved when RCC strips from aged rats were pretreated with the TRPC5
inhibitor, AC1903 (3 pM) (p = 0.0075) (Figure 2A). In fact, these nitrergic relaxations of aged
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RCC strips obtained in the presence of AC1903 were not significantly different (p = 0.2382)
from those displayed by RCC strips from young animals (Figure 2A).
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Figure 2. TRPC5 inhibitor, AC1903, improves neurogenic and endothelial relaxation in aged rats.
Panel (A) illustrates neurogenic nitrergic relaxations elicited by electrical field stimulation (EFS,
0.5 to 16 Hz) in the corpus cavernosum (RCC) from adult (3-month-old, 3 M) and aged (20-month-old,
20 M) rats. The effects of the TRPC5 inhibitor (AC1903, 3 uM) or vehicle (0.3% DMSO) on these
responses in aged rats are also shown. Panel (B) displays endothelium-dependent relaxations to
acetylcholine (ACh, 1 nM to 10 uM) in RCC strips from 3 M and 20 M rats, along with the effects of
AC1903 (3 and 10 uM) or vehicle in aged rats. The area under the curve (AUC) for the percentage
of endothelium-dependent relaxation following treatment with AC1903 or vehicle is presented in
panel (C). Data are expressed as mean & S.E.M of the percentage of relaxation (A,B) and as individual
values and mean =+ S.D. of the AUC of relaxation (C). n indicates the number of animals from whom
the tissues were collected. * p < 0.05, ** p < 0.001 vs. 3 M, t1 p < 0.01, tt1+ p < 0.001 vs. 20 M,
§§ p < 0.01 vs. 20 M with 3 uM AC1903 by a two-factors ANOVA (A,B) or by one-factor ANOVA
followed by Holm-Sidak’s multiple comparisons test (C).

Aging was also associated with an impairment of endothelial function as evidenced
by the significant reduction in the relaxations induced by ACh (1 nM to 10 uM) in RCC
strips from aged rats (p < 0.0001) (Figure 2B). Treatment of RCC strips from aged rats with
AC1903 at 3 uM concentration significantly enhanced ACh-induced responses (p = 0.0006)
that were further improved when increasing the concentration of AC1903 to 10 uM
(p <0.0001 vs. 20 M + vehicle and p = 0.0073 vs. 20 M + AC1903 3 uM) (Figure 2B). In
fact, after treatment with 3 uM AC1903, RCC strips from aged rats still presented a signifi-
cant impairment of endothelial relaxations with respect to young animals (p < 0.0001), but
no significant impairment was observed after treating aged strips with 10 uM (p = 0.1578)
(Figure 2B). Expressing the results as the AUC of endothelial relaxations yielded confir-
mation of these effects (Figure 2C). In contrast, treating RCC strips from young animals
with the activator of TRPC5, BTD (10 uM), resulted in a reduction in endothelial relaxations
(Supplementary Figure S1).

2.3. TRPCS Inhibitor, AC1903, Drives Relaxation of Human Penile Vascular Tissues

Clinical data from human subjects included in the study are summarized in Table 1.
Compared to organ donors without notice of ED (NoED), ED patients were older and exhibited
more cardiovascular risk factors, including diabetes, dyslipidemia, and smoking habits, as
well as a higher prevalence of cardiovascular disease. Additionally, a significant number of ED
patients previously underwent radical pelvic surgery (11 prostatectomy and 1 cystectomy).

Human cavernosal strips contracted with PE were consistently relaxed by adding
increasing concentrations of the TRPC5 inhibitor, AC1903 (0.1 to 30 uM). These relax-
ations were significantly more effective than those caused by the TRPC3 inhibitor, Pyr3
(0.1 to 30 uM). These effects were observed in cavernosal strips from both subjects without
notice of ED (NoED) (p = 0.0009) (Figure 3A) and patients with ED (p = 0.0015) (Figure 3B).
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In the same way, the capacity of AC1903 to cause relaxations in human penile resistance
arteries (HPRA) contracted with norepinephrine (NE) was significantly superior to that of
Pyr3 in arteries from NoED subjects (p = 0.0004) (Figure 3C) as well as from patients with
ED (p = 0.0003) (Figure 3D).

Table 1. Characteristics of human subjects.

NoED ED p Value
n 15 45
Age (years) 505+ 4.1 59.1+14 0.0201
Diabetes (%) 0(0.0) 15 (33.3) 0.0318
Dyslipidemia (%) 0 (0.0 16 (35.6) 0.0060
Hypertension (%) 2 (12.5) 19 (42.2) 0.0609
Obesity (%) 0 (0.0 9 (20.0) 0.0955
Smoking habit (%) 0 (0.0 26 (57.8) <0.0001
Cardiovascular disease (%) 1(6.3) 15 (33.3) 0.0499
Peyronie’s disease (%) 0(0.0) 3(6.7) 0.5660
BPH (%) 1(6.3) 4(8.9) 1.0000
Pelvic surgery (%) 0(0.0) 12 (26.7) 0.0269
Neurological alteration (%) 0 (0.0) 3(6.7) 0.5660
Respiratory disease (%) 0(0.0) 6 (13.3) 0.3214

BPH: benign prostate hyperplasia; ED: erectile dysfunction; NoED: organ donors without notice of ED. n represents
the number of subjects. The Mann-Whitney U-test was used to compare age, while Fisher’s exact test was applied
to assess differences in other variables between the two groups. Significant differences are highlighted in bold
plus italics.
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Figure 3. TRPC5 inhibition promotes effective relaxations in human penile vascular tissue. Upper
panels show relaxation responses to increasing concentrations (0.1 to 30 pM) of the TRPC3 inhibitor
(Pyr3), or the TRPC5 inhibitor AC1903 in human corpus cavernosum (HCC) from organ donors
without erectile dysfunction (NoED, panel (A)) and from patients with erectile dysfunction (ED,
panel (B)). The same responses were evaluated in human penile resistance arteries (HPRAs) from
NoED subjects (C) and in subjects with ED (D). HCC strips were precontracted with phenylephrine
(PE, 1-10 uM), while norepinephrine (NE, 1-10 uM) was used to precontract HPRA segments. Data
are expressed as mean + S.E.M of the relaxation percentage. n represents patients’ number from
whom the tissues were obtained. ** p < 0.01 and *** p < 0.001 vs. Pyr3 by a two-factors ANOVA.
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2.4. Endothelial Relaxation of Human Penile Vasculature from ED Patients Is Improved by the
TRPC5 Inhibitor, AC1903

In cavernosal strips from patients with ED, a significant improvement of endothelium-
dependent ACh-induced relaxations was obtained after treating the strips with the TRPC5
inhibitor, AC1903 (3 pM) (p < 0.0001) (Figure 4D). This was not produced by the treatments
with the vehicle (0.3% DMSO) (Figure 4A), the TRPC3 inhibitor, Pyr3 (3 uM) (Figure 4B)
or the TRPC4 inhibitor, ML204 (3 uM) (Figure 4C). In fact, AC1903 was the only treatment
able to induce a significant increment in AUC (AAUC) of relaxation over the AUC in control
conditions (p = 0.0008) (Figure 4E). Furthermore, a potentiating effect by AC1903 on endothelial
relaxation was not produced in cavernosal strips from NoED subjects. In fact, treatment
with AC1903 reversed, although not completely (p = 0.0163 vs. NoED), the impairment of
endothelial relaxations displayed by cavernosal tissue from ED patients (Figure 4F).
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Figure 4. TRPC5 inhibitor AC1903 enhances endothelial-mediated relaxation in human corpus
cavernosum (HCC) of ED patients. Panels A-D illustrate the effects of vehicle (DMSO 0.3%, (A)), the
TRPC3 inhibitor (Pyr3, 3 M, (B)), the TRPC4 inhibitor (ML204, 3 pM, (C)), and the TRPC5 inhibitor
(AC1903, 3 uM, (D)) on endothelium-dependent relaxation responses to acetylcholine (ACh, 1 nM to
10 uM) in HCC from patients with ED. Panel (E) summarizes the change in the area under the curve
(AAUC) of endothelial relaxation relative to control conditions induced by the treatments in HCC
from ED patients. Panel (F) compares the effect of AC1903 or vehicle on endothelium-dependent
relaxations to ACh in HCC strips from organ donors without notice of ED (NoED) and from ED
patients. Phenylephrine (PE, 1-10 uM) was used to precontract HCC strips. Data are presented as
mean =+ S.E.M of the relaxation percentage (A-D,F) and as individual values and mean + S.D. of
the AAUC of relaxation (E). n represents patients’ number from whom the tissues were collected.
*** p < 0.001 vs. control by a two-factors ANOVA test, AAA p < 0.001 vs. vehicle by one-factor
ANOVA followed by Holm-Sidak’s multiple comparisons test, + p < 0.05, t11 p < 0.001 vs. NoED,
§8§ < 0.001 vs. ED by a two-factors ANOVA test.

Analogously, AC1903 (3 uM) or the vehicle (0.3% DMSO) did not cause significant
modifications in endothelial relaxations in HPRA from NoED subjects (Figure 5D). Nev-
ertheless, the treatment with AC1903 (Figure 5B) but not the vehicle (Figure 5A) resulted
in a significant improvement of endothelial vasodilation of penile arterial segments from
patients with ED (p < 0.0001) as also evidenced by the significant increase in AAUC of relax-
ation (Figure 5C). Moreover, the treatment with AC1903 (3 uM) reversed the impairment of
endothelial vasodilation related to the presence of ED (p = 0.0260) (Figure 5D).
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Figure 5. TRPC5 inhibitor AC1903 enhances endothelial-mediated relaxation in human penile
resistance arteries (HPRAs) of ED patients. Left panels show the effect of vehicle (DMSO, 0.3%,
panel (A)), and the TRPC5 inhibitor (AC1903, 3 uM, panel (B)) on endothelial relaxations induced by
acetylcholine (ACh, 1 nM to 10 uM) in HPRA from ED patients. Panel (C) summarizes the change in
the area under the curve (AAUC) of endothelial relaxation relative to control conditions induced by
AC1903 and the vehicle in HPRA from organ donors without notice of ED (NoED) and ED patients.
Panel (D) displays the effects of AC1903 or vehicle on endothelium-dependent relaxations to ACh
in HPRA segments from No ED subjects and from ED patients. Norepinephrine (NE, 1-10 uM)
was used to precontract HPRA segments. Data are presented as mean+ S.E.M of the percentage of
relaxation (A,B,D) and as individual values and mean =+ S.D. of the AAUC of relaxation (C). The
number of patients from whom tissues were obtained is denoted by n. *** p < 0.001 vs. control by a
two-factors ANOVA test, A p < 0.05 vs. vehicle by one-factor ANOVA followed by Holm-Sidak’s
multiple comparisons test, t1 p < 0.01 vs. NoED, §§§ < 0.001 vs. ED by a two-factors ANOVA test.

The PDES5 inhibitor, tadalafil (1 nM to 10 uM), promoted relaxation of cavernosal
strips precontracted with PE and penile arteries precontracted with NE obtained from

patients with ED. These relaxant responses to tadalafil were significantly potentiated when

cavernosal strips (p < 0.0001) (Figure 6A) or penile arteries (p = 0.0008) (Figure 6B) were

previously treated with the TRPCS5 inhibitor, AC1903 (3 uM).
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Figure 6. Inhibition of TRPCS5 increased the efficacy of PDES inhibition in relaxing the penile vascu-
lature of patients with ED. Panel (A,B) illustrates the effect of vehicle (DMSO 0.3%) and theTRPC5
inhibitor (AC1903, 3 uM) on endothelial relaxations induced by the PDES5 inhibitor sildenafil (1
nM to 10 pM) in the HCC (A) and in penile resistance arteries (HPRAs) from ED patients (B).
Phenylephrine (PE, 1-10 uM) was used to precontract HCC strips while HPRA segments were

precontracted with norepinephrine (NE, 1-10 uM). Data are presented as mean £+ S.E.M of the

relaxation percentage. The number of patients from whom tissues were obtained is denoted by n.

***p < 0.001 vs. vehicle by a two-factors ANOVA.
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2.5. TRPCS5 Protein Expression Is Detected in Cavernosal Tissue from NoED Subjects and from
Patients with ED

Immunofluorescence assays revealed consistent expression of TRPC5 protein in caver-
nosal tissues from either NoED subjects (Figure 7A) or patients with ED (Figure 7B). TRPC5
was clearly immunodetected in cavernosal smooth muscle cells (Figure 7A,B) but also in
the muscle layer of penile arteries from both ED patients and NoED subjects (Figure 7C,D).
Determination of TRPC5 protein content in human cavernosal homogenates confirmed the
expression of this cation channel in cavernosal tissue. TRPC5 content in corpus cavernosum
from patients with ED was not significantly different to that determined in tissues from
NoED subjects (p = 0.1122) (Figure 7E).

NoED ED
-
C D :
[[AT] NoED(n=9) [[¥] ED (n=10)
100 pm

Figure 7. TRPC5 expression identified in human cavernosal tissue and penile arteries. Left panels
show representative immunofluorescence images showing TRPC5 detection (green fluorescence) in
cryosections of the corpus cavernosum (HCC) and penile resistance arteries (HPRAs) from individuals
without erectile dysfunction (NoED, panels (A,C)) and patients with erectile dysfunction (ED, panels
(B,D)). Nuclei are counterstained in blue. Panel (E) shows the quantification of TRPC5 protein levels
in human cavernosal homogenates from NoED subjects and ED patients. Data are expressed as
individual values and mean £ S.E.M. of the nanograms of TRPC5 normalized to the tissue’s protein
content. n indicates number of subjects. No significant differences were observed.

TRPCS5 (ng/mg protein)

3. Discussion

The results point to the inhibition of TRPC5 as a strategy to relieve the impairment
of cavernosal relaxation related to aging in rats and to improve endothelial function and
response to conventional therapy in human penile vascular tissue. The beneficial effect of
TRPCS5 inhibition on cavernosal function in ED is produced despite the lack of modification
in the expression of TRPC5 channels in cavernosal tissues with this condition.

Aging is a main risk factor for the development of ED [3,4]. In fact, it has been
previously shown that Sprague Dawley rats display reduced erectile responses at 20 months
of age [26]. This means that the improving effects of TRPC inhibition on cavernosal
relaxation, reported here, were evidenced in a rat model of aging-related ED. In corpus
cavernosum from 20-month-old rats, impairments of endothelial and neurogenic relaxations
have been previously demonstrated [15,27], which were further confirmed in the present
study. The rationale for evaluating TRPC non-selective calcium channels as potential
targets in this model is grounded in the fact that the entry calcium system STIM/Orai
contributed to aging- and ED-related penile pathophysiology [14,16]. TRPCs participate
together with Orai channels in SOCE, contributing to calcium homeostasis [28]. Moreover,
a functional link between STIM/Orai system and TRPCs has been proposed since the Orai
channel inhibitor, YM-58483, also produces inactivation of TRPC3 and TRPC5 channels [29].
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Then, we aimed to assess if the previously evidenced functional effects exerted by YM-
58483 on cavernosal contractility could be reproduced by specifically targeting TRPC3
and TRPC5 as well as the closely related to TRPC5, TRPC4. The selective inhibitors
Pyr3, ML204 and AC1903 were used for evaluating the effects of TRPC3, TRPC4 and
TRPCS, respectively [30-32]. TRPC3 and TRPC5 inhibitors were able to consistently relax
precontracted cavernosal strips from young and old rats, but the inhibitor of TRPC5 was
significantly more potent than Pyr3 in tissues from old ones. This evidence suggests that
TRPC4, despite its structural similarity to TRPC5 [33], does not seem to participate in
regulating contractile tone in rat corpus cavernosum. Moreover, TRPC5 channels appear to
be more relevant contributors to contractile tone than TRPC3, especially in aging conditions.
This evidence obtained in rat cavernosal tissue was confirmed in human penile vascular
tissues since TRPC5-inhibition-induced relaxations were significantly more potent than
those caused by TRPC3 inhibition in human penile cavernosal and arterial preparations
in tissues coming from NoED subjects or from patients with ED. Considering that the
relative contribution of different players to the finetuning of calcium levels and smooth
muscle contraction may not necessarily be the same across species or vascular territories,
the confirmation in human penile vascular tissues of the effects of TRPC5 inhibitor is
highly relevant.

The ability of AC1903 to potently reverse adrenergic tone led us to evaluate the effects
of TRPCS5 inhibition on neurogenic and endothelial relaxation of cavernosal tissues from
aged rats. A significant improvement of both neurogenic and endothelial relaxations was
obtained after treating the cavernosal tissues from aged rats with 3 uM AC1903. This
indicates that TRPC5 inhibition counteracts the reduction in relaxant responses, which
is a feature of different models of ED [16,34-36]. Moreover, increasing the concentration
of AC1903 to 10 pM results in further improvement of endothelial relaxations in aged
corpus cavernosum, suggesting pharmacological effects. This concept is further supported
by the fact that activating TRPC5 receptors with BTD [37] results in the opposite effects,
i.e., it caused a reduction in endothelial relaxations in cavernosal strips from young rats.

Again, the ability of TRPC5 inhibition to improve physiological relaxations such as
endothelial relaxations was not only observed in the rat model of aging-related ED but also
in penile vascular tissues from men with ED. This effect was not achieved with TRPC3 or
TRPC4 inhibitors, indicating a specific functional impact of TRPC5 inhibition on relaxations.
The improvement of endothelial responses by AC1903 was observed in cavernosal tissue
and penile arteries from patients with ED but not in penile tissues from NoED subjects. This
could be due to an ED-related increase in TRPC5 expression in penile tissues, but it seems
not to be the case. Immunoassays revealed a consistent expression of TRPC5 in smooth
muscle from both cavernosal and penile arterial tissues from both NoED subjects and
ED patients and determination of cavernosal content of TRPC5 channel protein by ELISA
indicated that the expression of TRPCS5 is not significantly modified by ED condition. We
cannot discard ED-related upregulation of TRPC5 activity but the lack of effect of TRPC5
inhibitor on NoED subjects could also be related to the fact that the relaxant responses in
these tissues are presumably preserved.

The improving effects of TRPC5 inhibition on endothelial function has potential
therapeutic implications since endothelial dysfunction is involved the pathophysiology
of ED [12], and the impairment of endothelial function has been evidenced in corpus
cavernosum and penile arteries with aging [38] and with ED [9,13]. However, an additional
therapeutic implication arose when AC1903 enhanced the relaxant capacity of a PDE5
inhibitor, the first-line therapy for ED, in corpus cavernosum and penile arteries from
ED patients. PDES5 inhibitors display good efficacy in the treatment of ED, but there is a
significant percentage of patients who do not respond to this therapeutic approach [12,39].
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Thus, combination therapies increasing the pharmacological efficacy of PDE5 inhibitors
could be of help to increase the therapeutic response of men with ED.

AC1903 has been designed and characterized as a selective TRPC5 inhibitor [32],
and it is considered as an adequate pharmacological tool to study TRPC5 channels [40].
Furthermore, through its ability to inhibit TRPC5, AC1903 has been demonstrated to
produce in vivo therapeutic effects in different animal models of kidney disease [41], an
improving effect shared by other TRPCS inhibitors in rats [42]. In fact, a TRPC5 inhibitor has
entered a phase 2 clinical trial for treating severe forms of kidney disease [43], supporting
consideration of TRPC5 as a therapeutic target of clinical usefulness.

Although the results strongly suggest the involvement of TRPC5 inhibition in the
improvement of cavernosal relaxations in ED conditions by AC1903, the existence of
research proposing additional targets for this compound should be acknowledged. In
fact, it has been suggested to also inhibit TRPC3 and TRPC4 channels [44]. This probably
does not apply for our study, since specific TRPC3 and TRPC4 inhibitors failed to exert
improving effects.

Strengths of the present study include the functional evaluation of animal models
and human tissue from both healthy individuals and patients with ED. Although we
included tissues from patients with different types of ED, limitations in the translatability
of the present results are related to the complexity of ED pathophysiology, which involves
very different scenarios, from the psychogenic to the hormonal, neurogenic and vascular
components. This means that TRPC5 inhibition cannot be equally efficient in all conditions.

4. Materials and Methods

4.1. Experimental Animals

Adult (3-month-old, 3 M, n = 22) and aged (20-month-old, 20 M, n = 28) male Sprague
Dawley rats were bred in the Animal Facilities of the Hospital Ramén y Cajal and housed
under 12-h light/dark cycles with unrestricted access to food and water until the start
of experimental procedures. All animal experiments complied with the Declaration of
Helsinki and with the Guide for the Care and Use of Laboratory Animals, as adopted
and promulgated by National Institutes of Health, following European regulations. The
procedures were approved by the Ethics Committee for Animal Experimentation of the
Hospital Ramén y Cajal (PROEX 183.1/23). All studies were reported in accordance with the
ARRIVE guidelines for reporting experiments involving animals. Experiments with adult
(3 M) and aged (20 M) rats were intercalated to avoid possible sequence-dependent bias.

Functional Evaluation of Rat Cavernosal Tissues

At specific ages (3 M or 20 M), rats were weighed and anesthetized via intraperitoneal
injection of diazepam (5 mg/kg) and ketamine (90 mg/kg). Under deep anesthesia, humane
euthanasia was performed through exsanguination, and the penises were immediately
removed for functional studies. The tunica albuginea was carefully incised longitudinally,
and two strips of corpus cavernosum (RCC) were dissected from each penis. Cavernosal
strips were mounted on force transducers in 8 mL organ baths filled with Krebs—Henseleit
solution (KHS) maintained at 37 °C. The KHS had the following composition (mM):
NaCl119, KCl 4.6, CaCl, 1.5, MgCl, 1.2, NaHCO3 24.9, glucose 11, KH,PO,4 1.2, EDTA 0.027;
it was continuously bubbled with 95% O, /5% CO; (pH 7.4). The strips were subjected to a
resting tension of 0.3 g and allowed to equilibrate for 60 min. Following this period, tissues
were exposed to 125 mM K*, and contraction was measured. Once a stable contraction
was achieved with phenylephrine (PE, 1-3 pM), relaxation responses were obtained by
exposing the strips to increasing concentrations (0.1 to 30 uM) of TRPC antagonists, Pyr3
(TRPC3), ML204 (TRPC4), and AC1903 (TRPC5). Endothelium-dependent relaxations were
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evaluated by adding increasing concentrations of acetylcholine (ACh, 1 nM to 10 pM) on
PE-contracted strips treated with vehicle (DMSO 0.3%) or AC1903 (3 and 10 uM).
Electrical field stimulation (EFS) was applied to RCC strips by means of two platinum
electrodes placed at both sides of the tissue and connected to a current stimulator (Cibertec,
Madrid, Spain). Parameters of EFS were as follows: 75 mA, 0.5 ms for 20 s. Neurogenic
relaxations in response to EFS (0.5 to 16 Hz) were assessed in RCC strips pretreated with
guanethidine (30 tM) and atropine (0.1 uM) and contracted with PE (1-3 uM). The protocols
for EFS-induced neurogenic relaxations in RCC were detailed in previous studies [9,16].
Relaxation responses induced by ACh and EFS were performed under control conditions and
following a 20-min exposure to the vehicle (DMSO 0.3%), Pyr3 (3 uM) or AC1903 (3 uM).

4.2. Human Tissues

Human corpus cavernosum (HCC) biopsies were obtained from men with ED (n = 45)
who gave written informed consent at the time of penile prosthesis implantation as well
as from organ donors with no reported history of ED (NoED, n = 15) at the time of organ
collection for transplantation, after obtaining written informed consent by their relatives.
Adult patients undergoing penile implantation surgery due to organic ED (including neu-
rogenic, vascular or any other type of organic ED) were included in the study. Patients with
infectious diseases and/or undergoing prosthesis re-implantation were excluded. Protocols
and consent forms were approved by the Ethics Committee at the Hospital Universitario
Doce de Octubre, Madrid, Spain (Ethics Approval procedure 16/045) and Hospital Geral
Santo Antonio, Porto, Portugal (2015.210(174-DEFI/156-CES)), where the tissues were
collected. Tissues were maintained at 4 °C to 6° C in M-400 solution (composition per
100 mL: mannitol, 4.19 g; KH,;POy, 0.205 g; K,HPO4e3H,0, 0.97 g; KC, 0.112 g; NaHCO;,
0.084 g; pH 7.4) until use, which was between 16 and 24 h from extraction [10,12,16].

4.2.1. Functional Evaluation of HCC

Strips of cavernosal tissue (3 mm x 3 mm X 7 mm) were placed in 8 mL organ baths
filled with KHS, maintained at 37°C, and continuously aerated with a 95% O, /5% CO,
mixture to stabilize the pH at 7.4. Strips were tied to force transducers for isometric tension
recording as previously described [9,10,14]. Each tissue strip was incrementally stretched
to optimal isometric tension, which was determined by maximal contractile response to
1 uM PE. The preparations were then exposed to high K* concentration (125 mM), and the
contractile response was measured. Relaxation responses were evaluated in HCC strips
precontracted with PE (1-3 uM). Endothelium-dependent relaxations were evaluated by
adding increasing concentrations of ACh (1 nM to 10 uM) in control conditions or after
treating for 20 min with vehicle (DMSO 0.3%), Pyr3, ML204 or AC1903 (all at 3 uM). The
effects of the treatment with vehicle or AC1903 (3 uM) on relaxation responses to the PDE5
inhibitor, tadalafil (1 nM to 10 uM) were also evaluated.

4.2.2. Assessment of Functional Responses in Human Penile Resistance Arteries (HPRAs)

Small helicine arteries of the penis (lumen diameter 150400 um) were dissected from
HCC specimens by carefully excising the surrounding cavernosal tissue. Arterial segments
measuring 1.7-2.0 mm in length were mounted onto microvascular wire myographs (Dan-
ish MyoTechnology; Aarhus, Denmark) for isometric tension recordings [10]. The vessels
were equilibrated for 30 min in KHS at 37° C and continuously aerated with a 95% O, /5%
CO, gas mixture to sustain a pH of 7.4. The internal diameter of each vascular segment
was measured when relaxed in situ under a transmural pressure of 100 mm Hg (L1gp). The
arteries were adjusted to an internal diameter corresponding to 90% of Lo, at which the
force generation was close to maximum. The preparations were then exposed to high K+
and the contractile response was measured. HPRA segments were excluded from the study
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if they failed to generate tension equivalent to 100 mmHg. Endothelial vasodilations to ACh
and vasorelaxant responses to tadalafil were evaluated in arterial segments precontracted
with NE (1-3 uM) and treated with vehicle or AC1903 (3 uM).

A schematic representation of the dissection of rat and human penile tissues for
functional assays is provided in Supplementary Figure S2.

4.3. Immunofluorescence Assays

Cavernosal strips and penile arteries were cleaned of blood and immersed in sac-
charose at increasing percentages (10% to 30% w/v). After 1 h at the higher percentage of
saccharose, tissues were embedded in OCT and stored at —80 °C until use for immunofluo-
rescence assays. Then, OCT blocks were sectioned into 6 pm thick transverse slices using
a cryostat and mounted onto polylysine-coated glass slides. For the immunodetection of
TRPC5, OCT was removed from the sections, which were then fixed in a mixture of acetone
and methanol to eliminate autofluorescence. Sections were then incubated with monoclonal
mouse antibody against TRPC5 (Invitrogen by ThermoFisher Scientific, Waltham, MA, USA,
cat.# MA5-27657, 1:250 dilution) overnight at 4 °C. After washout in phosphate-buffered
saline plus 0.3% Triton X-100, the sections were incubated for 1 h at room temperature
with a secondary Alexa Fluor 488-conjugated goat anti-mouse antibody (dilution 1:250;
SouthernBiotech, Birmingham, AL, USA, cat.# 1031-30) and counterstained with diamidino-
2-phenylindole (DAPIL Biorbyt, Cambridge, UK) to visualize the nuclei. The sections were
prepared for visualization and examined under a fluorescence microscope (Olympus BX51,
Olympus Corporation, Tokyo, Japan).

4.4. TRPC5 Protein Content in Human Cavernosal Tissues

Human cavernosal tissues were rapidly immersed in liquid nitrogen for freezing and
kept at —80 °C until protein extraction. Proteins were obtained by homogenizing the caver-
nosal tissue using T-PER extraction reagent (Pierce Biotechnology, Inc., Rockford, IL, USA)
in a TissueLyser LT homogenizer (Qiagen Iberia, S.L. Barcelona, Spain) according to
the manufacturer’s recommendations. Protease inhibitor cocktail (1x) was also added
(Roche Diagnostics, Indianapolis, IN, USA). Total protein content in homogenates was deter-
mined by the bicinchoninic acid (BCA) method (ThermoFisher). TRPC5 protein content was
quantified by means of a specific ELISA kit (FineTest, Wuhan, China, cat.# EH5212) following
instructions indicated by manufacturer. Values of TRPC5 content were normalized by total
protein concentrations.

4.5. Data Analysis

Data in concentration—response curves are expressed as the mean + S.E.M. of the per-
centage of maximum relaxation obtained by adding papaverine (0.1 mM) at the end of the
experiment. The area under the curve (AUC) of the relaxation responses was calculated by
determining the sum of percentages of relaxation along the concentration—response curve.
The increment in AUC (AAUC) was obtained by calculating the difference in the AUC after
respective treatment with respect to AUC determined in control conditions. Data of AUC
and AAUC are presented as individual values and mean + S.D. Patient data were com-
pared by Mann-Whitney U-test (age) or Fisher’s exact test (categorical variables). Complete
concentration-response curves were compared by two-factors ANOVA. When more than two
curves were compared, Bonferroni’s correction was applied. All other data were compared
by Mann-Whitney U-test or one-factor ANOVA followed by Holm-Sidak’s test for multiple
comparisons. Differences were considered significant when probability (p) was <0.05.
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5. Conclusions

TRPCS5 inhibition improves penile vascular function in an animal model of aging-
related ED and in tissues from patients with ED. This is observed despite the lack of TRPC5
upregulation in cavernosal tissue from ED patients. Considering the key role of the impair-
ment of penile vascular tissue relaxation in the pathophysiology of ED, TRPCS5 inhibition
could be considered a potential therapeutic target in the management of ED, including
pharmacological combination with PDES inhibitors to increase therapeutic response.
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